University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

January 2013

Refinement, Application, and Evaluation of
Cognitive and Affective Chemistry Measures for
College Students
Keily Heredia
University of South Florida, kheredia@mail.usf.edu

Follow this and additional works at: http://scholarcommons.usf.edu/etd
Part of the Chemistry Commons
Scholar Commons Citation
Heredia, Keily, "Refinement, Application, and Evaluation of Cognitive and Affective Chemistry Measures for College Students"
(2013). Graduate Theses and Dissertations.
http://scholarcommons.usf.edu/etd/4504

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in
Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact
scholarcommons@usf.edu.

Refinement, Application, and Evaluation of Cognitive and Affective Chemistry Measures
for College Students

by

Keily Heredia

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Chemistry
College of Arts and Sciences
University of South Florida

Major Professor: Jennifer E. Lewis, Ph.D.
Donileen Loseke, Ph.D.
Robert Potter, Ph.D.
Guillermo Santiago Sandi-Ureña, Ph.D.
Date of Approval:
April 12, 2013

Keywords: assessment development, reliability, validity, factor analysis, higher
education, cognitive assessment, non-cognitive assessment
Copyright © 2013, Keily Heredia

Acknowledgments
I would like to thank Dr. Jennifer Lewis, my major advisor, for her support,
guidance and encouragement. I also want to thank my committee, Drs. Loseke Donileen,
Robert Potter, and Santiago Sandi-Ureña for their essential contribution in preparing this
manuscript. My gratitude goes to all the chemistry education research group members
with a special thanks to Ushiri Kulatunga and Sachel Villafañe for their friendship and
academic advice. I appreciate the instrumental role the chemistry department office
staffs, instructors, lab TAs and students played, and the data services the scanning office
provided. A special acknowledgement to Drs. Patricia Muisener and Alicia Garcia for
their participation in this study. I also want to thank NSF FGLSAMP Bridge to the
Doctorate grant as well as the USF Graduate Student Success Fellowship for the financial
support.	
  
Finally I would like to acknowledge my family Daisy Feliciano, Anibal Heredia,
Abiezer Heredia, Christian Heredia, Ricarte Arocho, and Omar Salazar for the support
provided.

Table of Contents
List of Tables

iv

List of Figures

vii

Abstract

viii

I. Assessment Tools in Chemistry Education
National Problem
Chemistry Measures
Assessing content knowledge
Assessing affective components
Importance of Psychometric Evidence
Purpose of This Work and Research Questions

1
1
2
4
7
8
11

II. Instruments & Methods
Context
Sampling Procedures
Measurement Approaches

13
13
14
15

III. A Psychometric Evaluation of The Colorado Learning Attitudes About
Science Survey for Use in Chemistry
Methodology
Sample
Data analysis
Results and Discussion
Published model
Distinct factors
Relation to theory
Single scales
Student results
Conclusions

18
22
22
22
24
24
26
28
30
32
33

IV. The Application and Evaluation of a Two-Concept Diagnostic
Instrument with Students Entering College General Chemistry
Study Purpose
Research Questions
Course Context and Chosen Instrument
Preparatory chemistry
General chemistry I
Diagnostic instrument

36
37
38
39
39
39
40

i

Diagnostic instrument & preparatory chemistry
Methodology
Participants
Data analysis
Guessing value
Results and Discussion
Reliability and validity
Comparison of students’ performance with and without
Preparatory chemistry
Alternative conceptions
Conclusions

41
42
42
43
44
45
46
48
49
55

V. Developing Assessments to Influence Practice: Application of The Targeted
Misconception Inventory for General Chemistry
Purpose of the Study
Research Questions
Instrument
Methodology
Participants and data collection
Data analysis
Psychometric analysis
Using the parallel structure to identify incorrect ideas
Classroom intervention
instructors and participants
Results
Descriptive Statistics
Psychometric Analysis
Reliability and validity
Common Incorrect Ideas
Bond energy and phase changes concepts
Ionic bonding concept
Implementation of the Classroom Intervention
Instructor I
Instructor II
Conclusions

59
62
62
63
64
64
64
65
66
67
68
70
70
71
71
73
73
74
75
76
80
84

VI. Conclusions and Future Directions
Relevance of The Work Presented
Future Projects Suggested by This Work
Addressing The Issue of Retention

86
88
91
93

References

95

Appendices
Appendix A: Supplementary Information for Chapter III
Appendix B: Supplementary Information for Chapter IV
ii

106
107
113

Appendix C: Chemistry Content Questionnaire
Appendix D: Targeted Misconception Inventory (TMI)
Appendix E: Supplementary Information for Chapter V

123
129
135
	
  

iii

List of Tables
Table 2.1

Diagnostic Instruments

15

Table 3.1

CLASS Reported Categories

19

Table 3.2

CFA Model Fit for the Nine Single-Factor Solutions and Cronbach’s
α Estimate

25

Table 3.3

CFA Model Fit for the Three-Factor Solution

28

Table 3.4

Statements from the Factor Problem Solving: Confidence

29

Table 3.5

Statements from the Factor Personal Interest

29

Table 3.6

CFA model Fit for Conceptual Learning

31

Table 3.7

CFA model Fit for Sense Making/Effort

32

Table 3.8

Descriptive Statistics for the Single Scale, Conceptual Learning

33

Table 4.1

Descriptive Statistics of Item Score and Total Score (N = 679)

46

Table 4.2

CFA Loadings for the Two-factor Solution (N = 679)

47

Table 4.3

Alternative Conceptions about the Particulate Nature of Matter held
by all three groups of General Chemistry I students (N = 679)

51

Alternative Conceptions about Particulate Nature of Matter held by
at least one group of General Chemistry I students (N = 679)a

52

Alternative Conceptions about Chemical Bonding held by all three
groups of General Chemistry I students (N = 679)

53

Alternative Conceptions about Chemical Bonding held by at least
one group of General Chemistry I students (N = 679)a

54

Table 5.1

Sample Item for the Concept of Phase Changes

67

Table 5.2

Timeline for clicker questions

68

Table 4.4
Table 4.5
Table 4.6

iv

Table 5.3

Summary of item means, and standard deviations for the three
measured concepts (N=682)

71

Chi-square test of model for the three-factor solution confirmatory
factor analysis (N=682)

72

Incorrect ideas about Bond Energy, Ionic Bonding, and Phase
Changes concepts (N=682)

73

Percentage of students selecting incorrect ideas about Ionic Bonding
concept

75

Table 5.7

Timeline followed for clicker questions

76

Table 5.8.1

Percentile Score for the Targeted Misconception Inventory (TMI)
and the in-class questions: Instructor I

77

Percentage of students consistently selecting the correct answer for
the Targeted Misconception Inventory (TMI) and the in-class
questions: Instructor I

79

Percentile Score for the Targeted Misconception Inventory (TMI)
and the in-class questions: Instructor II

80

Percentage of students consistently selecting the correct answer for
the Targeted Misconception Inventory (TMI) and the in-class
questions: Instructor II

82

Table 5.4
Table 5.5
Table 5.6

Table 5.8.2.

Table 5.9.1
Table 5.9.2

Table A.1

Demographics: Number of students by sex and race/ethnicity
(N=311)

110

Table A.2

Demographics: Academic Background (N=311)

110

Table A.3

CFA factor loading for the three-factor solution (N=311)

111

Table A.4

CFA factor loading for the single scale Conceptual
Learning (N=178)

112

CFA factor loading for the single scale Sense Making/Effort
(N=153)

112

Demographics: Number of students by sex and race/ethnicity for
each group (N = 725)

115

Table A.7

Demographics: SAT Math score for each group (N = 576)

116

Table A.8

Demographics: Academic background a (N = 689)

117

Table A.5
Table A.6

v

Table A.9

Percentages of students answering the first tier, second tier, and both
tiers correctly in the diagnostic test, Items 1-5, with the topics
addressed by each item (N = 679)
121

Table A.10

Percentages of students answering the first tier, second tier, and both
tiers correctly in the diagnostic test, Items 6-10, with the topics
addressed by each item (N = 679)
122

Table A.11

Demographics: Number of students by sex and race/ethnicity
(N=682)

136

Table A.12

Demographics: Academic Background (N=682)

136

Table A.13

Mean score for all 18 questions and standard deviations

137

Table A.14

Mean scores for two-tier items and standard deviations

137

Table A.15

Concept and item mean & Cronbach’s alpha (N=682)

138

Table A.16

CFA factor loadings for the three-factor solution & Cronbach’s
alpha (N=682)

139

Table A.17

Factor correlations (N=682)

139

Table A.18

Demographics for students enrolled in Instructor I’s sectiona

145

Table A.19

Instructor I: Number of students by sex and race/ethnicitya

146

Table A.20

Demographics for students enrolled in Instructor II’s sectiona

147

Table A.21

Instructor II: Number of students by sex and race/ethnicity

147

Table A.22

Instructor I: Demographics for students with missing dataa

148

Table A.23

Instructor I: Number of students (with missing data) by sexa and
race/ethnicity

149

Table A.24

Instructor II: Demographics for students with missing data

150

Table A.25

Instructor II: Number of students (with missing data) by sex and
race/ethnicity

150

vi

List of Figures
Figure A.1

ANCOVA results of the Diagnostic Instrument for three
groups when controlling for SAT Math

vii

120

Abstract	
  
This work describes three case studies conducted to address two major problems
in the area of chemistry education research, the lack of reported psychometrics regarding
instrument scores, and the need for well-characterized assessments to evaluate college
chemistry curricula. The first case study describes a psychometric evaluation of the
Colorado Learning Attitudes about Science Survey (CLASS), an instrument designed to
assess student beliefs about the learning of chemistry. Results from this work suggest that
the CLASS instrument provides fertile ground for short instruments with reasonable
psychometric properties. Responses to a single scale instrument, created from CLASS,
showed that students in an introductory general chemistry course tend to be slightly more
expert-like than novice-like in their beliefs about chemistry towards the end of the
semester.
The second case study discusses the use of a two-tier diagnostic instrument in
assessing student understanding of the particulate nature of matter and chemical bonding.
In addition to examining psychometric properties of the instrument’s scores, this study
uses student responses to think about the role of a preparatory chemistry course in
promoting understanding of the measured concepts. Results of this study showed that the
performance of students with the preparatory chemistry course was slightly better than
those without it.

viii

The third case study focuses on the development of the Targeted Misconception
Inventory (TMI), a two-tier instrument designed to measure student understanding of
Bond Energy, Ionic, Bonding, and Phase Changes. The TMI was used to create an
instructional intervention. Results from the intervention suggested a learning gain for
Bond Energy concept.
The three instruments discussed above were multiple-choice given as paper and
pencil tests in an introductory chemistry course. The work described in this dissertation
showcase a method for examining psychometric evidence. The three case studies provide
a significant addition to the psychometric information available on existing instruments.
This work makes an emphasis on the importance of pilot testing instruments and
gathering psychometric information to provide evidence that the instrument is
functioning as intended when used with different samples. This work provides a model
for researchers to follow when refining an instrument, and implications for the use of
assessment tools in chemistry curricula evaluation.

ix

I. Assessment Tools in Chemistry Education
National Problem
The National Science Foundation (NSF) has declared that the United States (U.S.)
as a nation “must enhance its ability to produce a numerate and scientifically and
technologically literate society and to increase and improve the Science, Technology,
Engineering, and Mathematics (STEM) education workforce” (National Science Board,
2010). Others have also agreed with the need to increase the quality and quantity of
students who obtain baccalaureate degrees in STEM, and who continue on to graduate
studies in these fields (Business-Higher Education Forum, 2007, 2005; Urban Institute,
2005). Yet, relatively few students receive a STEM bachelor’s degree. Recent statistics
indicated that in 2001, almost two million students were enrolled in two– or four-year
colleges; however, by 2007 only 233,000 of them had earned a STEM bachelor’s degree
(National Center for Education Statistics, 2007, 2009). The U.S. STEM education
pipeline is narrowing, and the need to increase the number of STEM graduates has
become a matter of considerable societal concern.
Identifying what leads students to persist in STEM majors is a challenge. The fact
is that fifty percent of the students who intended to major in STEM fields eventually
leave their undergraduate programs without earning a STEM-related degree (BusinessHigher Education Forum, 2010). Thirty-five percent of the students who declare a major
in a STEM-related field switch out of STEM after their first year of college (Daempfle,
2003). Therefore, the creation of educational programs that are likely to have an impact
1

on boosting student persistence at the undergraduate level, particularly during the first
year, is vital to increasing the number of STEM graduates (Urban Institute, 2005; Evans
1999).
Educational programs that increase student persistence by fostering student
engagement, positive attitudes, and cognitive knowledge have been shown to have an
effect on the production of STEM graduates (Springer, Stanne, & Donovan, 1999; Tinto,
1993). In other words, instructional reforms that are effective in promoting favorable
attitudes as well as academic achievement are also effective in increasing the number of
students who stay in STEM programs. An ideal curriculum is, therefore, one that supports
both gains in STEM content knowledge and positive attitudes towards learning STEM.
Chemistry courses, particularly the introductory sequences required for many STEM
majors, have an important role to play in supporting student persistence by attending to
both the cognitive and the attitudinal aspects of a STEM education.
Chemistry Measures
Different approaches have been used to evaluate the effectiveness of chemistry
curricula to improve the learning of chemistry and to promote positive student attitudes
towards chemistry. Oral interviews (Smith & Nakhleh, 2011; Teichert, Tien, Anthony, &
Rickey, 2008; Gopal, 2004; Teichert & Stacy, 2002) and open-ended questions requiring
written responses (Nyachwaya et al., 2011; Ayas, Ozmen, & Calik, 2010; Canpolat,
2006; Abraham, Williamson, & Westbrook, 1994) have been successfully used to assess
student knowledge of chemistry concepts. One-on-one interviews with college students
have been conducted to assess their understanding of ionic compounds (Teichert, Tien,
Anthony, & Rickey, 2008), chemical bonding (Teichert & Stacy, 2002), and phase
2

changes (Gopal, 2004), all basic concepts covered in general chemistry courses. Smith
and Nakhleh (2011) interviewed undergraduate students enrolled in a general chemistry
course as well as chemistry graduate students to investigate their conceptions of bonding
in the context of melting and dissolving. Ayas et al., (2010) and Abraham et al., (1994)
gave secondary and tertiary level students a set of open-ended questions to examine their
understanding about the particulate nature of matter. Nyachwaya et al., (2011) used openended questions in a college introductory chemistry course to uncover student
conceptions about the particulate nature of matter. In all cases, these qualitative probing
techniques, whether oral or written, revealed both scientific and unscientific ideas about
basic chemistry concepts. Similar qualitative approaches have been used to examine
chemistry students’ attitudes toward learning. Shibley & Zimmaro (2002) used openended items to determine the effect of group work on college student attitudes and
performance in an introductory chemistry laboratory. They found that the collaborative
learning sections helped students to develop a more positive attitude about the laboratory
and about the learning of chemistry. Walczak & Walczak (2009) conducted one-on-one
interviews with college students enrolled in a chemistry course. The study investigated
student attitude changes about the learning of science and found positive attitude changes
towards the end of the course. Other studies have used group interviews to explore high
school student attitudes towards studying science (Baker & Leary, 1995; Ebenezer &
Zoller, 1993; Osborne & Collins, 2000). In general, findings from these studies indicated
that teaching methods can impact the development of social and cognitive competencies,
resulting in negative and positive effects on student attitudes toward learning science.

3

While qualitative approaches are very effective in providing rich data regarding
student attitudes and learning of chemistry, they require some training and are often time
consuming (Treagust, 1986). These approaches are therefore impractical for classroom
assessment in cases where the class size is large and instructional time is constrained by
an overwhelming curriculum (Taft, 1997). Quantitative measures that can be easily used
in large enrollment classrooms become a better alternative.
Assessing content knowledge. Multiple-choice tests have been widely used in
chemistry curricula. For example, The Scholastic Assessment Test (SAT) is frequently
used for admission, placement, and prediction of student performance in introductory
chemistry courses (Sedlacek, 2004; Spencer, 1996). Commercially-available exams such
as the Toledo Chemistry Placement Exam, the California Chemistry Diagnostic Exam,
and the American Chemical Society (ACS) subject area exams are also used for
placement and prediction of student success in chemistry (Examinations Institute, 2011).
However, while these types of multiple-choice tests can be excellent tools for evaluation
and prediction of student academic performance, there are some debate among education
stakeholders on how to use these test scores to create educational policies (Sedlacek,
2004).
Logical reasoning instruments, which measure students’ formal reasoning ability
or the ability to reason on the abstract level (Jiang, Xu, Garcia, & Lewis, 2010; Lewis &
Lewis, 2007), have been found to be good predictors of student performance and
retention in college chemistry courses (Boujaoude, Salloum, & Abd-El Khalick, 2004;
Oliva & Cadiz, 1999; Bunce & Hutchinson, 1993; Lawson, 1985). For example, Bunce
and Hutchinson (1993) found that The Group Assessment of Logical Thinking (GALT)
4

could be used to identify students at risk of failure in college chemistry. Similarly,
Boujaoude et al. (2004) reported that The Test of Logical Thinking (TOLT) was a
significant predictor of performance on conceptual chemistry problems. While these
types of assessments have been used to predict student academic achievement, they do
not provide any information regarding student understanding of specific chemistry
concepts. Instead, course instructors rely on other forms of assessment to obtain
information about student mastery of the material being taught.
According to the chemistry education research literature, concept inventories
(Bunce & Gabel, 2002; Mulford & Robinson, 2002) and two-tier multiple-choice exams
(Chandrasegaran, Treagust, & Mocerino, 2007; Chiu, Guo, & Treagust, 2007; Bowen &
Bunce, 1997; Treagust, 1995, 1988), are two of the most commonly used assessment
tools (Nyachwaya et al., 2011). The Force Concept Inventory (FCI), a multiple-choice
instrument developed to measure student learning and incorrect ideas of physics concepts
(Hestenes, Well, & Swackhamer, 1992), served as a model for the development of
concept inventories in other sciences including chemistry and biology (Villafañe, Bailey,
Loertscher, Minderhout, Lewis, 2011). Mulford and Robinson (2002) developed the
Chemistry Concept Inventory (CCI), a multiple-choice instrument designed to measure
student conceptions about the particulate nature of matter, properties of atoms, chemical
reactions, and other common topics covered in introductory college chemistry courses.
Generally, each topic is represented by a single question, with response options drawn
from others’ prior work using qualitative probes to reveal students’ scientific and
unscientific conceptions, as discussed previously. Focusing more on high school students,
Bunce and Gabel (2002) developed the Symbolic, Application, Particulate (SAP) concept
5

inventory that covers topics such as states of matter, density, and solutions, all of which
are taught in high school chemistry. The SAP, a multiple-choice inventory, includes a
total of ten topics with questions targeting three types of representations (symbolic,
macroscopic, and particulate) for each of the topic areas. Although concept inventories
are generally used to assess student learning across the chemistry curriculum, they are
often quite long and overly broad (Smith & Tanner, 2010). Thus, the uses of inventories
as diagnostic tools to provide information about specific instructional interventions
needed to improve student chemistry understanding in large enrollment classrooms are
limited. Instead, more focused two-tier instruments, which include fewer concepts but
have also been designed to assess student content knowledge, can often be used more
effectively as diagnostic tools.
In a two-tier exam, the first tier of each item is a multiple-choice question that
relates to a problem statement, and the second tier of each item is composed of a
multiple-choice set of explanations for the answers from the first tier. This two-tier item
structure, therefore, provides an advantage over a single item, since it offers information
about the students’ reasoning when answering the first tier. Previous studies have shown
that well-constructed items containing student incorrect ideas as distractors are excellent
assessment tools to gather information about student understanding of particular concepts
(Othman, Treagust, & Chandrasegaran, 2008; Ozmen, 2008; Sadler, 1998). Such two-tier
content-specific

assessments

have

been

effectively

employed

in

chemistry

(Chandrasegaran et al., 2007; Voska & Heikkinen, 2000; Tan & Treagust, 1999;
Treagust, 1988, 1986). These multiple-choice instruments not only allow instructors to
examine whether students can choose the scientifically correct response but also offer
6

additional information regarding the prevalence of students’ alternative ideas about the
measured concepts. Ideally, this information can be used to support the creation of
instructional strategies to address alternative conceptions.
Assessing affective components. As discussed, many different kinds of
assessments have been used to gauge the level of student content knowledge. However,
the use of cognitive factors alone is insufficient to predict student academic success
(Wagner, Sasser, & DiBiase, 2002), and consequently, insufficient to address retention
issues in chemistry. Researchers argue that content knowledge may have little predictive
validity for the potential of students from various backgrounds and cultures (Sedlacek,
2004; Sternberg & William, 1997). Although student chemistry knowledge has been used
to predict pass/fail outcomes, affective components have been shown to be good
predictors of grade performance (House, 1995). Therefore, assessment tools that measure
factors such as attitude about chemistry (Chatterjee, Williamson, McCann, & Peck, 2009;
Bauer, 2008; Hockings, 2008), chemistry expectations (Grove & Bretz, 2007), chemistry
perceptions (Reardon, Traverse, Feakes, Gibbs, & Rohde, 2010), chemistry self-concept
(Bauer, 2005), and chemistry self-efficacy (Dalgety & Coll, 2003) have been used to
account for differences in students’ academic achievement. For example, a high sense of
self-efficacy, one’s perception of the ability to achieve a specific goal, has been found to
be a significant predictor of student success in science (Pajares, 2002), and to increase
student academic achievement (Fencl & Scheel, 2005; Lalich, Taylor, & Pribyl, 2006).
Positive student attitudes have also been associated with student academic success and
persistence (Freedman, 1997). Assessment tools that measure affective components of the
student experience provide unique information regarding the effectiveness of teaching
7

approaches on fostering positive student attitudes toward the learning of chemistry, and
the importance of these affective factors for success in STEM courses.
Importance of Psychometric Evidence
With such a variety of assessment tools available, the use of these tools can
provide researchers and practitioners with information about the impact of instruction on
student learning and on student attitudes. Interpretations of assessment scores are often
used to make curriculum changes, which can have an effect on student academic
achievement. It is therefore of great importance to have well-characterized assessment
tools (Rogan & Anderson, 2011; Anderson, 2007). However, not all researchers have
successfully followed the theoretical guidelines for the development of assessments
(AERA, 1999). Others have not been attentive to issues related to psychometric
properties such as validity and reliability (Arjoon, Xu, & Lewis, 2013). Interpreting
instrument scores in the absence of psychometric information is not a sound practice to
support valid interpretations. Psychometric information about instrument scores can
provide evidence that the instruments are functioning as intended, and that score
interpretations are likely to be valid.
The quality of an assessment will depend on evidence of the validity and
reliability for the given set of scores (Brown, 2006; Miller, 1995). Valid interpretations
cannot be made without examining the scores carefully in light of psychometric evidence.
Before drawing any conclusions from the data gathered by an instrument, researchers
need to answer questions such as How is the instrument behaving for this sample? Are
the instrument scores valid and reliable in this context? Reliability, when applied to
psychometric measures, indicates the consistency of the instrument scores, while validity
8

refers to the degree to which an instrument’s scores measure the underlying constructs the
instrument was designed to measure. Within the framework of classical test theory, there
are four common methods to check the reliability of a test score: test-retest, alternate
forms, internal consistency, and inter-rater reliability (Carmines & Zeller, 1979). For the
test-retest method, the same test is given to the same participants on two different
occasions. The results are then correlated to produce a stability coefficient, which
provides information about how stable the test is over time. One important consideration
is whether the underlying construct is expected to be stable over that time period; if not,
the stability coefficient will not be meaningful. For the alternate forms method, two tests
consisting of similar items are developed. This method also requires two testing
situations with the same participants. However, the same test is not given on the second
testing but an alternative form is administered. A coefficient of stability and equivalence
is calculated after the second administration of the tests (Carmines & Zeller, 1979). An
internal consistency coefficient for a test can be obtained in three different ways: splithalf, Kuder-Richardson, and Cronbach’s alpha. For the split-half a test is given and then
divided into halves. Since the test is assumed to measure one thing, the score of one half
of the test can then be compared to the score of the other half. Perfect agreement would
yield an internal consistency reliability coefficient of one. The Kuder-Richardson formula
is recommended only if the data is dichotomous. This formula is analogous to Cronbach’s
alpha coefficient except that Cronbach’s alpha coefficient can also be used for nondichotomous (continuous) measures (Cortina, 1993; Nunnally, 1978). ). The last method,
inter-rater reliability, is appropriate when test scores are based on observations or a
ranking process. In general, this method measures how well the scorers agreed when
9

producing a test score. All four methods have been used to provide evidence of
reliability. However, knowing the extent to which a test yields consistent results is not
enough to determine how well it is working. Examining the appropriateness of the
interpretation of a test score is also important. In other words, providing evidence of
validity, the degree to which a test score measures the construct is intended to measure, is
also needed to determine if an instrument is functioning well.
As described in the current Standards for Educational and Psychological Testing,
there are four sources of evidence to support validity: test content, response processes,
internal structure, and relations to other variables (AERA, 1999). Evidence based on test
content, which refers to the wording and format of test items, is usually achieved by
having content experts determine whether the items reflect adequately the domain of
interest. Evidence based on response processes is commonly gathered via interviews or
open-ended responses to ensure that the test evokes the intended mental processes from
the respondents’ processes. Evidence based on internal structure, or the degree to which
test items are related to each other as the underlying construct would suggest, is often
collected using factor analysis or Differential Item Functioning (DIF) analysis. While
factor analysis examines interrelationships by exploring simple patterns among the
participants’ responses to the test items, DIF is used to determine if a test functions
differently when given to different groups of participants, thereby inadvertently
measuring an unintended factor related to group membership. For evidence based on
relations to other variables, correlation, regression, and ANOVA analyses can be used,
among other techniques, to determine the relationship between the construct being
measured and other theoretically relevant constructs. Validity and reliability evidence are
10

associated with a particular set of scores, not with the instrument itself. Consequently, the
process of collecting psychometric evidence starts from the early stages of the
instrument’s development, and continues even after the instrument becomes available for
use by researchers and practitioners. Each of the projects in this dissertation provides a
rationale for performing a particular psychometric analysis and describes how
psychometric evidence was used to modify existing instruments.
Purpose of This Work and Research Questions
This dissertation describes three projects and refers to them as case studies
because they share a common theme. The ultimate goal of the studies as a collective is to
showcase ways to improve assessment tools that can be used in college chemistry
curriculum to address the problem of attrition. Multiple sources of data are used in each
study, each of which provides a unique contribution to the achievement of the common
goal. The three cases represent three distinct approaches to increasing the quality of
assessment tools, which are currently in use. Psychometric information is gathered for all
three cases. Specifically, evidence of reliability and validity is examined and carefully
described for each case study for the common purpose of improving existing assessment
tools used to evaluate chemistry curricula. Several research questions were developed to
guide each case study. For case study one, three research questions organize the
evaluation of an attitudinal survey: (1) Are factors distinct, representing different aspects
of a concept, or different concepts? (2) Are factors linked to a theoretical framework? (3)
Are factors related, as the theoretical framework would predict? Chapter 3 presents this
work, reproduced by permission of the American Chemical Society (ACS), as it appeared
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in the Journal of Chemical Education (Heredia and Lewis, 2012). The published work
can be accessed via http://pubs.acs.org/doi/abs/10.1021/ed100590t.
In case study two, the following questions are used to examine the application and
evaluation of a diagnostic test used to measure student ideas about chemistry concepts:(1)
Do students entering General Chemistry I having taken Preparatory Chemistry perform
better on the Diagnostic Instrument than students without Preparatory Chemistry? (2)
Which incorrect ideas, if any, do students entering General Chemistry I have? (3) Are the
incorrect ideas the same of different for students entering General Chemistry I with
Preparatory Chemistry as compared to those entering without it? Chapter 4 presents this
work, reproduced by permission of the Royal Society of Chemistry, as it appeared in
Chemistry Education Research and Practice (Heredia, Xu, & Lewis, 2012). The
published work can be accessed via
http://pubs.rsc.org/en/content/articlepdf/2012/rp/c0rp90017f.
Lastly, case study three on the development and application of an instrument used
to measure student conceptual understanding of three foundational concepts was guided
by the following research questions: (1) Do test scores align with test design, resulting in
interpretable factors? (2) Which incorrect ideas, if any, do students enrolled in a specific
college general chemistry course have about the three measured concepts? (3) What is the
effect of a small instructor-chosen intervention on student understanding of the measured
concepts? Chapter 5 presents a discussion of this unpublished work. In general, this
dissertation describes the application and evaluation of three diagnostic instruments, and
their use in improving the quality of assessments and student understanding of basic
chemistry concepts.
12

II. Instruments & Methods
Context
Each of the three case studies described in this work contains a detail methods
section, which includes information about the participants, data collection, and data
analysis. However, in general, participants in these studies were enrolled in a college
general chemistry course in the spring semesters of 2009, 2010, and 2011. The typical
enrollment in this course ranged from 700 to 1400 students in a given semester,
comprising 4 to 8 different sections. Each course section had no more than 190 students,
based on the size of the lecture hall.
The college general chemistry course for the three spring semesters is the first of a
two-semester introductory-level course, required for all science majors. The course
assumes background knowledge in chemistry. Students who take the course are expected
to have at least one year of secondary school chemistry and evidence of prior
mathematics achievement, such as an SAT Math score of at least 550 or a passing grade
(C or better) in a college-level algebra course. As described in the Undergraduate
Catalogue for the three semesters, the course discussed the principles and applications of
chemistry including properties of substances and reactions, thermochemistry, atomicmolecular structure and bonding, periodic properties of elements and compounds. The
course is also associated with a laboratory. In the laboratory portion the students are
introduced to laboratory techniques; study of properties of elements and compounds;
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synthesis and analysis of natural and commercial materials. The structure of the course
has been discussed previously (Lewis & Lewis 2005; 2008).
Sampling Procedures
The work described here relied mainly on student responses to three quantitate
measures. These measures are referred throughout this work as diagnostic instruments.
Additional information related to student SAT scores, sex, race/ethnicity, and student
classification was obtained from the university registrar’s office. Student responses to a
demographic survey (Lewis, 2006) given the first day of class were used to obtain
information about student years of high school chemistry, years in college, and highest
level of math. All students enrolled in the college general chemistry course were able to
take the survey as well as the instruments. The response rates were above 75% for each
of the quantitative measures but the samples are representative of the student population
taking the course. The survey and the three instruments were multiple-choice, and were
administered as paper and pencil.
Each semester during the second week of classes, a set of diagnostic instruments,
including those discussed in this dissertation, were administered in the students’ normal
exam environment. The normal exam environment was a set fifty-minute Wednesday
evening time-block for Spring 2009, and a set seventy-five minute Wednesday evening
time-block for Spring 2010 and 2011. The exam time was determined by changes in
institutional constraints on the availability of classroom space to administer the exams. A
total of 20 points was given to the students each semester for taking the diagnostic
instruments.
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Measurement Approaches
Student responses to the three quantitative measures were collected via machinereadable forms, and scanned by the University of South Florida’s scanning office. The
resulting Excel files were screened for patterns and missing data, and then merged with a
file that contained the student demographic information. Because student ID is unique for
every student, it was used to merge multiple data sources.
Three diagnostic instruments were used to collect information regarding student
attitudes toward the learning of chemistry and student understanding of basics chemistry
concepts. Table 2.1 shows in which chapter each of the instruments is discussed as well
as the name of the instrument, object of measurement, number of items, time given for
completion, and response rate. Each of the instruments is individually introduced in the
context of research questions and described in detail in Chapters 3, 4, and 5 as it pertains.
Chapter

Instrument

3

The Colorado
Learning
Attitudes about
Science Survey
(CLASS)a
The Particulate
Nature of Matter
and Chemical
Bondingb
Targeted
Misconception
Inventory (TMI)c

4

5

Table 2.1. Diagnostic Instruments
Object of Measurement
No.
Items
Student beliefs about
50
chemistry and the learning
of chemistry.
Student conceptions about
the particulate nature of
matter and chemical
bonding
Student conceptions about
three concepts bond
energy, phase changes, and
ionic bonding

a

Time
20-min

Response
Rate
75%

10

25-min

99%

9

30-min

96%

The CLASS instrument was originally developed by Barbera, Adams, Wieman, Perkins, (2008). bThe
Particulate Nature of Matter and Chemical Bonding instrument was developed by Othman, Treagust,
Chandrasegaran, (2008). cThe TMI contains items from instruments developed by Othman, et al., (2008),
Mulford & Robinson (2002), and Tan & Treagust (1999). The sources of the items are identified in
Appendix E. b,cThe Particulate Nature of Matter and Chemical Bonding instrument and the Targeted
Misconception Inventory can be found in Appendix C and Appendix E respectively.
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The Colorado Learning Attitudes about Science Survey (CLASS) instrument was
used in case study one and described in Chapter 3. The CLASS instrument originally
developed by Barbera et al. (2008) was designed to measure student beliefs about the
learning of chemistry. Unlike the other two diagnostic instruments, CLASS was
administered during the first 20 minutes of the general chemistry laboratory period. The
CLASS is a 50-item instrument that uses a 5-point Likert-type scale ranging from 1
(strongly disagree) to 5 (strongly agree). Descriptive statistics including the mean,
standard deviation, skewness and kurtosis, and psychometric analyses such as factor
analysis and reliability analysis can be found in Chapter 3.
The Particulate Nature of Matter and Chemical Bonding instrument was used in
case study two and described in Chapter 4. Othman, et al. (2008) created the instrument
and used it initially with secondary school students. The instrument is a two-tier
diagnostic used to examine student conceptions about the particulate nature of matter and
chemical bonding. The instrument contains five items per concept for a total of ten items.
The first tier of each item is a problem statement and the second tier provides a set of
explanations for the answers from the first tier (see Appendix C for complete instrument).
Students were given 25 minutes to answer the 10-item instrument. Descriptive and
inferential statistics such as chi-square and ANCOVA analyses as well as a confirmatory
factor analysis and reliability analysis are described in Chapter 4.
The Targeted Misconception Inventory (TMI) was used in case study three and
described in Chapter 5. The TMI items are mainly from the Othman et. al. (2008)
instrument. However, additional items were collected from Mulford & Robinson (2002)
and Tan & Treagust (1999). The complete instrument including the additional and
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modified items can be found in Appendix E. The TMI instrument is also a two-tier
diagnostic but was designed to assess student conceptions about three specific concepts,
bond energy, phase changes, and ionic bonding. The instrument contains three items per
concept for a total of nine items. Students were given 30 minutes to answer the
instrument. Descriptive statistics and psychometric analyses such as factor analysis and
reliability analysis are discussed in Chapter 5.
For case study three, two questions were created and included in two of the four
content-based exams given during spring 2011. Although student performance on the
exam was not examined, student responses to specific questions were interpreted and
described in Chapter 5. In addition to the TMI, student responses to the exam questions
were used to assess the impact of a small classroom intervention on student
understanding of bond energy and phase changes concepts. The bond energy and phase
changes questions were included in exam 3 and 4 respectively. The questions can be
found in Appendix D.
Additional information about research methods specific to each study is available
in details in the following chapters. Overall, all studies are quantitative, accompanied by
descriptive statistics such as the mean, standard deviation, skewness and kurtosis. The
application and psychometric evaluation of three diagnostic instruments is described for
each case study; Cronbach’s α and factor analysis are provided as evidence of internal
consistency and validity respectively. The methodology followed to examine evidence of
reliability and validity of the instruments’ scores is described individually for each
instrument in Chapters 3, 4, and 5.

17

III. A Psychometric Evaluation of The Colorado Learning Attitudes About Science
Survey for Use in Chemistry
Assessing students’ attitudes provides information about how teaching approaches
influence students’ perceptions about chemistry. Several instruments have been
developed to assess students’ expectations and attitudes towards science (Adams et al.,
2006; Bauer, 2005; Burazeri et al., 2005; Coulson, 1992; Grove & Bretz, 2007; Moore &
Foy, 1997). Unfortunately, in many cases, the body of literature reporting on the
psychometric properties of these science attitude instruments is quite small (Xu & Lewis,
2011). This lack of information makes searching for an instrument a difficult task. In
searching the literature, a researcher is trying to determine whether a given instrument is
likely to produce a meaningful result in the context of a planned study. Before
interpreting data collected with any instrument, a researcher always needs to answer the
following questions: how is the instrument behaving for this particular sample? Is there
reasonable evidence that the instrument’s scores are valid and reliable in this case?
Because it is not correct to draw conclusions from an instrument’s scores without
evidence of validity and reliability, the more information available about a given
instrument, the more likely it is that the researcher will be able to choose an instrument
for which the answers to those questions will remain a small part of the planned project
rather than creating problems that disrupt the research.
In a search for an instrument that measures students’ beliefs about the subject of
chemistry, The Colorado Learning Attitudes about Science Survey (CLASS) for use in
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chemistry was found. Some psychometric information was provided, leading us to
believe the instrument had a reasonable chance to function well for our sample, and thus,
it was chosen to investigate first year students’ attitude towards chemistry. CLASS was
designed to measure “students’ beliefs about chemistry and the learning of chemistry”
(Barbera, Adams, Wieman, & Perkins, 2008). The CLASS instrument extends previous
work done in physics (Adams et al., 2006), but the 50-item CLASS was first developed,
tested, and validated for use in chemistry in 2008 (Barbera et al., 2008). The authors
interviewed over 40 students and surveyed over 50 chemistry faculty members from
several universities. During this process, CLASS developers examined face validity of
the instrument. Reliability was examined by a Cronbach’s α estimate for the scores for
the overall instrument. A methodology for determining robustness was also employed,
and resulted in the labeling of distinct scales within the instrument (Table 3.1). The
categories were not unique, that is, an item could be included in more than one category.
For example, all items in category 4, Problem Solving: Confidence, were also in category
3, Problem Solving: General. Cronbach’s α estimates for each of these nine nonunique
scales were not provided.
Table 3.1. CLASS Reported Categories
Scales
Survey Statement Numbers
1. Personal Interesta
4, 13, 16, 28, 34, 36
2. Real World Connections
34, 36, 41, 43
3. Problem Solving: General
15, 18, 19, 21, 28, 30, 40, 47, 50
a
4. Problem Solving: Confidence
18, 19, 40, 47
5.Problem Solving: Sophistication
6, 24, 25, 28, 40, 47, 50
6. Sense Making/Effort
13, 21, 26, 27, 38, 42, 46, 48,49
a
7. Conceptual Connections
6, 7, 15, 24, 37, 38, 50
8. Conceptual Learning
1, 6, 7, 12, 24, 25, 47
a
9. Atomic-Molecular Perspective of Chemistry
2, 11, 17, 29, 33, 44
a

These are unique scales: see the text for discussion.
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This study investigates several psychometric properties of the CLASS instrument
for a particular sample. This investigation is, of course, a necessary part of evaluating the
instrument for use with this sample, yet it also adds to the available information regarding
psychometric properties of instruments that are likely to be used by chemistry educators.
As such, it is a potential model for future evaluations of similar instruments.
The first step in the evaluation process for an instrument given to a new sample is
to confirm that the instrument behaves as predicted by the literature. In other words, data
collected from the CLASS instrument should reproduce the factors published by Barbera
et al. (2008). This evidence is traditionally gathered by factor analysis (Litchtenstein et
al., 2008). Factor analysis uses covariance matrix manipulation to reveal simple patterns
in the relationships among the observed variables (“scores”) that can be mapped to a
combinative variable called a factor. Typically, factors are used to delineate scales within
the instrument, such as the nine scales proposed for CLASS, and each scale is associated
with a construct based on a theoretical framework. If data collected with the CLASS
instrument does not reproduce the factors proposed in the literature, the results are not
likely to be useful indicators of the intended constructs for the new sample. Therefore,
our investigation will include factor analysis.
One of the implications of designing an instrument in this way (with a factor
structure) is that each item can be easily connected conceptually to a construct that is
based on a theoretical framework. Although the CLASS developers did not specify the
explicit use of any framework or theoretical model for instrument construction, they cite
both Bauer’s work and Fishbein’s theory of attitude as sources of a consistent definition
of the term “beliefs” (Barbera et al., 2008). However, the discussion eventually discards
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Bauer’s work, as it “addresses the students’ self-efficacy about chemistry and the
learning of chemistry, not their beliefs about the discipline of chemistry,” and Fishbein’s
work is not discounted. Therefore, it is our expectation that the definition of beliefs used
to construct the instrument remained consistent with Fishbein’s theory of attitude.
Fishbein defined attitude as a “learned (not born with) predisposition to respond
in a consistently favorable and unfavorable manner with respect to a given object”
(Fishbein & Ajzen, 1975). Fishbein’s theory of attitude explains that a person’s attitude is
determined by a person’s beliefs, (“the cognitive knowledge and inferences that a person
has about an object”), and a person’s behavior (“the observable actions performed by an
individual”) with respect to a given object (Fishbein & Ajzen, 1977). According to
Fishbein, in order for an instrument to have utility in assessing a person’s attitude, the
instrument must include items that either reference a person’s behavior or a person’s
beliefs. Therefore, our investigation will attempt to link each of the 50 items included in
the CLASS instrument either to students’ behaviors or to students’ beliefs about
chemistry and the learning of chemistry.
It is helpful to think about an instrument’s factors in these three ways:
•

Factors are distinct, representing different aspects of a concept, or
different concepts.

•

Factors can be linked to a theoretical framework.

•

Factors are related as the theoretical framework would predict.

In this study, we will use these three criteria to evaluate the psychometric properties of
the CLASS instrument.
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Methodology
Sample. This study took place in a large public research university in the
southeastern United States. The sample for this study included 24 sections of General
Chemistry I Laboratory. The instrument was administered during the fourth week of
classes in Spring 2009. Of the students surveyed, 49.5% were in their first year of
college. Students in this sample are from more than 25 majors, including bio-medical
science (27%), pre-biology (22%), pre-engineering (12%), pre-medical science (10%),
and others. Only 2% were majoring in chemistry. A little over half of the students in the
sample are female. The SAT verbal and SAT math average scores of students in the
sample were 548.81 and 562.15, respectively. More demographics of the students are
included in Appendix A. This diverse sample is typical of the student population taking
general chemistry at the university where this study was conducted.
The 50-item CLASS was administered as a paper and pencil instrument during the
first 20 minutes of the lab period. No extra credit was given for completing the
instrument, but the administration was monitored such that students were not able to do
other work during the assigned time. Students were asked to “bubble” their answers on
machine-readable forms with five response options. (strongly disagree = 1; strongly agree
= 5). A total of 418 sets of student responses were collected. These data were screened
for missing responses and evidence of lack of attention, resulting in actual sample size for
the analysis of N = 311 as described in Appendix A.
Data analysis. Descriptive statistics were obtained in SPSS 17.0 for each item
score. Items 1, 6, 7, 9, 12, 14, 15, 20, 21, 23, 24, 25, 26, 32, 35, 37, 38, 41, 47, 48, and 50
were negatively stated. Therefore, a total of 21 items were recoded. The average scores
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for each item ranged from 2.13 to 3.99, with standard deviation values from .820 to 1.22.
No item was found to have skewness and kurtosis with a magnitude larger than 1, which
suggests normality of the data.
The collected data was then analyzed for reliability and validity evidence.
Cronbach’s α is often supplied as evidence of internal consistency (Carmines & Zeller,
1979). Cronbach’s α indicates the degree of internal consistency of the items in the scale.
Therefore, when an instrument is multidimensional, that is, the instrument has more than
one scale, Cronbach’s α for each scale should be reported. Internal consistencies were
calculated in SPSS 17.0 for each scale. A high Cronbach’s α value suggests that the
item’s scores are positively correlated with each other and the total score. The larger the
Cronbach’s α value is for a set of items, the greater the assurance the items measure the
same construct (Thompson, 2003).

A cutoff of .70 is often reported (Murphy &

Davidshofer, 2005).
When a model is proposed, confirmatory factor analysis (CFA) is often used. In
this study, CFA analyses were performed in Mplus 5.2. Confirmatory factor analysis is
used to estimate how a theoretical model fits the data (Crocker & Algina, 2006). CFA
provides parameter estimates and factor loadings as well as information about the misfit
of the items. The latter provides information about which items have measurement errors.
There are general rules to estimate whether the proposed model can be considered a good
fit to the data. A non-significant X2 test result (p > 0.05) suggests a good model fit.
However, models produced from a large number of scores are likely to have an inflated
X2 value. Therefore, reporting just the X2 value can be misleading, and additional fit
statistics need to be examined (Hu & Bentler, 1999). For example, a comparative fit
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index (CFI) of .90 or higher is often used. The CFI compares the declared model with a
model in which none of the items are related. The obtained CFI value estimates how
much better the proposed model is than the one in which items are not related. On the
other hand, the standardized root-mean-square residual (SRMR) examines the absolute
difference between the observed correlations in the data set and the correlations that are
implied by the model. A SRMR of zero indicates the model would exactly reproduce the
data, but a value less than 0.08 is often used to indicate a good model fit (Hu & Bentler,
1999). These criteria will be used consistently in this study for the estimate of model fit.
Before proceeding with CFA, sample size was checked to determine whether it
was within the suggested item-to-sample ratio. A ratio of 5 or 10 respondents for every
item is often recommended when performing factor analysis. Sample size is not a simple
function of the number of measured variables, but includes the extent to which factors are
overdetermined and communalities are high (MacCallum, Widaman, Hong, Zhang,
1999). The rule of thumb ratio recommendation does not hold in all cases (Hogarty et al.,
2005; MacCallum et al., 1999). Because the CLASS instrument contains 50 items, the
rule of thumb suggests a sample size in the range of 250-500. Our sample size does fall
within the recommended ratio.
Results and Discussion
Published model. When evaluating the psychometric properties of an instrument,
one of the first things to do is to test the instrument with the new population to see
whether it works in the same way as reported in the literature. Because nine nonunique
scales were proposed by Barbera et al., (2008) nine single-factor confirmatory factor
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analyses were initiated. The nine single CFA models were constructed as shown in Table
3.1.
Results from the CFA models provided evidence that each individual factor
showed good model fit (Table 3.2). The CFI for each of the nine single-factor models
was higher than 0.95. The SRMR result was below 0.08 for all the models. Overall, the
nine single-factor models fit the data well. Reliability of the scores was examined.
Barbera et al. (2008) reported average Cronbach’s α estimates for the entire instrument
over a range of courses. However, as there are nine factors in the CLASS instrument, a
Cronbach’s α estimate for each factor should be provided.
Table 3.2. CFA Model Fit for the Nine Single-Factor Solutions and Cronbach’s α Estimate
Number
of Items

χ2 Valuesa

p Valuesa

DFa

CFI
Valuesa

SRMR
Valuesa

Cronbach’s
α Valuesa

Personal Interest

6

30.00

0.00

9

0.95

0.04

0.76

Real World Connection

4

3.40

0.18

2

0.99

0.02

0.71

Problem Solving: General

9

42.00

0.00

27

0.97

0.04

0.79

Problem Solving: Confidence

4

0.28

0.72

2

1.00

0.00

0.55

Problem Solving:
Sophistication

7

33.00

0.00

14

0.96

0.04

0.77

Sense Making/Effort

9

71.00

0.00

27

0.96

0.04

0.73

Conceptual Connections

7

24.00

0.03

14

0.97

0.03

0.73

Conceptual Learning

7

25.00

0.03

14

0.95

0.04

0.72

Atomic-Molecular Perspective
of Chemistry

6

21.00

0.02

9

0.97

0.04

0.71

Scales

a

N = 311.

Reporting an overall Cronbach’s α result including all the scores does not provide
any information about the relationships between the scores from each individual factor
within the instrument (Thompson, 2006). Cronbach’s α values for each factor were
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calculated, and all but one are above the satisfactory level of 0.70. A lower Cronbach’s α
of 0.55 was obtained for Problem Solving: Confidence. This reveals that the internal
consistency for this scale is lower than the other scales. From these results, we can
conclude that the CLASS instrument works in our sample as reported in the literature,
and we can add the reliability estimates for each individual scale to what is known about
the instrument’s psychometric properties.
Distinct factors. Results from the nine single-factor CFA models provided
evidence that individual scales may be used to measure the corresponding attitudinal
predictor. However, having a good model fit for nine single-factor models does not
support that the instrument can simultaneously measure nine different scales. As nine
single-factor models do not provide any information about the correlation among the
factors, the researcher is unable to determine whether students responded to the items as
if they were from nine distinct factors (Brown, 2006). In other words, if a researcher is
focused on measuring students’ general attitude toward problem solving, the researcher
may give the 50-item instrument, but only use the items included in the factor Problem
Solving: General. Consider a researcher interested in measuring students’ attitudes with
respect to Conceptual Connections, Real-World Connections, and Atomic-Molecular
Perspective of Chemistry. The excellent CFA results provided by the nine single-factor
CFA models cannot support anything other than giving the instrument to the students
three different times, once to capture each desired construct. Certainly, few faculty would
administer a 50-item instrument more than once. Therefore, it is important to seek
evidence that supports the collection of information about multiple factors from the
instrument simultaneously.
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If an instrument is designed to measure several constructs, a model fit including
data from all items needs to be produced. A CFA was initiated on a first-order, ninefactor model. For model specification purposes, the first loading on each of the nine
factors was fixed to 1.0. Using the variance-covariance matrix of the 36 item scores, a
maximum-likelihood method was employed to estimate goodness of fit of the nine-factor
model. Unfortunately, the confirmatory factor analysis failed to run; that is, a model fit
for the full data set could not be produced. Likely, this is due to the overlap of the items
in the different scales. Because the items were included in more than one scale, the
interfactor correlation was inflated. This is known as lack of discriminant validity of the
factor scores (Brown, 2006). Discriminant validity is demonstrated when indicators of
theoretically distinct constructs are not redundant. If the researcher intended for the
instrument to have nine dimensions, and thus nine subscores, there should be evidence
that there are actually nine dimensions. In this case, we were unable to reproduce a ninefactor model including all the scales at the same time.
Because a nine-factor model was not produced owing to the overlapping of the
items, the next step was to identify which scales are unique. These scales included unique
items: (1) Personal Interest; (4) Problem Solving: Confidence; (7) Conceptual
Connections; and (9) Atomic-Molecular Perspective of Chemistry. Thus, considering all
the scales, the items included in these four scales were not in any other scale (see Table
3.1). A four-factor model CFA was initiated. CFA results showed a lack of model fit.
The four-factor solution model showed a factor correlation between Problem Solving:
Confidence and Conceptual Connections of 0.930. This suggests that these two factors
are highly correlated, and thus, one of them is redundant. A three-factor model without
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the scale Conceptual Connections was then initiated. Results for the 16-item, three-factor
solution are shown in Tables 3.3. CFA factor loadings are significant and are included in
the Appendix A.
CFA results showed a reasonable model fit for the three-factor solution model. On
the basis of this evidence, three scales (16 items) can be simultaneously measured when
the 50-item CLASS is administered. However, how these factors are related and are
linked to theory needs to be further examined (Brown, 2006).
Table 3.3. CFA Model Fit for the Three-Factor Solution
Parameters Measureda
Values Obtained
215
χ2
p Value
0.00
DF
101
CFI
0.91
SRMR
0.05
a

N = 311.
Relation to theory. To create a well-designed instrument with good psychometric

properties, a proposed model should be meaningful and useful on the basis of
experimental evidence and theory. The CLASS developers refer to Bauer’s work and
Fishbein’s theory of attitude as important for a definition of the term “beliefs,” but
discounted Bauer as more focused on self-efficacy than attitude. We believe that
connecting the instrument items to a theoretical model is a valuable process when
designing high-quality instruments. Therefore, Fishbein’s theory of attitude is used to
think about the items and their relation to theory. Because Fishbein makes a distinction
between beliefs and behavior, we expected the factors to maintain the same distinction.
From that perspective, CLASS items should be easily connected to either a person’s
behavior or a person’s belief, and the factors created by clustering these items should
align with either a behavioral focus or a belief focus, in order to measure the different
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components of students’ attitude toward chemistry. However, we were not able to
observe this distinction. For example, consider two of the unique scales: Problem
Solving: Confidence (Table 3.4) and Personal Interest (Table 3.5). Four items are
included in the scale Problem Solving: Confidence (18, 19, 40, and 47). Items 40 and 47
can be read as a person’s beliefs about problem solving. However, item 18 refers to a
person’s behavior when solving problems. Finally, item 19 is very different from the
other three items, as it is about a person’s beliefs about whether other people can
understand chemistry: the relationship to problem solving for that item is less direct than
for the other items. In other words, the way we think about Fishbein’s theory seems to be
different from the way the instrument is constructed, an aspect of construct validity.
Table 3.4. Statements from the Factor Problem Solving: Confidence
Item
Statement
18
If I get stuck on a chemistry problem on my first try, I usually try to figure out a
different way that works
19
Nearly everyone is capable of understanding chemistry if they work at ita
40
I can usually figure out a way to solve chemistry problems
47
If I get stuck on a chemistry problem, there is no chance I’ll figure it out on my
own
a
This item is different from the others: see the text for discussion.
Table 3.5. Statements from the Factor Personal Interest
Item
Statement
4
I think about the chemistry I experience in everyday life
13
I am not satisfied until I understand why something works the way it does.
16
I study chemistry to learn knowledge that will be useful in my life outside of
school
28
I enjoy solving chemistry problems
34
Learning chemistry changes my idea about how the world worksa
36
Reasoning skills used to understand chemistry can be helpful to me in
everyday life
a
This item is different from the others: see the text for discussion.
We can also see how the items included in the scale Personal Interest cannot be
connected to the theory in the way we had expected. For example, consider item 36,
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“reasoning skills used to understand chemistry can be helpful…” This item is quite
difficult to interpret, as it refers both to a person’s belief about reasoning skills, and to a
person’s use of reasoning skills to understand chemistry. Item 4, “I think about the
chemistry I experience in everyday life,” also refers to a person’s belief and a person’s
behavior. For example, a person reading item 4 may actually think about the chemistry
she or he experiences in everyday life, which would imply a behavior. On the other hand,
a person simply can believe that she or he experiences chemistry in everyday life, and
respond positively to the statement for that reason. Finally, item 34 is a truly broad item
that is hard to relate to the other items conceptually as it can be interpreted in many
different ways. A similar approach was used with the other seven scales in the original
instrument; in general, we perceived that the theoretical distinction we found in Fishbein,
between beliefs and behaviors, was not relevant for several of the scales.
Single scales. After evaluating the psychometric properties of the CLASS
instrument, and based on the positive factor analysis results for single scales, another
option with CLASS is to mine it for shorter instruments. Two scales, Conceptual
Learning and Sense Making/Effort, were chosen based on Fishbein’s theory of attitude.
Items included in Conceptual Learning mainly reflect students’ beliefs about chemistry,
and items in Sense Making/Effort are related to students’ behaviors when learning
chemistry (see Appendix A).
The single scales were administered during the 11th week of classes of the same
semester to a total of 340 students enrolled in General Chemistry I. The seven-item scale
Conceptual Learning was given to 183 students, while the nine-item scale Sense
Making/Effort was given to 157 students. The distribution of the two single-scale
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instruments was made randomly, and both samples included morning and afternoon
sections. Collected data were checked for missing data and patterns as described
previously, resulting in actual sample sizes for the analysis of N = 178 for Conceptual
Learning and N = 153 for Sense Making/Effort. Notice that these shorter instruments had
greater student participation, with about 3% attrition compared to 26% attrition when the
50-item CLASS was used. Students’ demographics in this sample are similar to our
original sample of 311 students.
A one-factor CFA for each of these instruments (Conceptual Learning and Sense
Making/Effort) was performed. Factor loading results are presented in the Appendix A.
The model fit results in Tables 3.6 and 3.7 show that both one-factor models have less
desirable fit statistics than the original one-factor models in Table 3.2, for which the
instruments were embedded in the full CLASS. This finding highlights the importance of
pilot testing instruments that comprise subscales from a larger instrument.
The Conceptual Learning scale still meets the fit criteria, but when the Sense
Making/Effort scale was administered as a stand-alone instrument, the CFI dips below
the desired cutoff.
Table 3.6. CFA Model Fit for Conceptual Learning
Parameters Measureda
Values Obtained
2
168
χ
p Value
0.00
DF
21
CFI
0.92
SRMR
0.05
a

N = 178.
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Table 3.7. CFA Model Fit for Sense Making/Effort
Parameters Measureda
Values Obtained
2
201
χ
p Value
0.00
DF
36
CFI
0.89
SRMR
0.06
a

N = 153.
These results suggest that it is reasonable for us to give the Conceptual Learning

scale as a stand-alone instrument, but that the Sense Making/Effort scale may need some
theory-guided modifications. However, these generally positive results do support the
idea that CLASS is likely to be a good source of short instruments for researchers,
provided the construct in the selected subscale is aligned with the measurement goal of
researcher and a pilot of the instrument with the desired population looks good. In
general, further investigation of the subscales from CLASS as stand-alone instruments is
warranted. For example, an interesting next step for these two subscales would be to
combine them into one instrument and see whether a clean resolution into two distinct
factors is observed.
Student results. Our original intention was to use the 50-item CLASS to measure
students’ beliefs about chemistry and the learning of chemistry. However, our detailed
investigation of the psychometric properties of the instrument’s scores with our student
sample revealed threats to the construct validity of our data. At present, we can say with
confidence that student data from the administration of a single scale, Conceptual
Learning, appears robust, and results are presented in Table 3.8. The overall mean for this
scale is 2.8, suggesting that students in our sample tend to be slightly more expert-like
than novice-like in their beliefs at this point in the semester. While this is good news,
being able to measure students’ beliefs with respect to Conceptual Learning at other
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points in the curriculum will provide more information about how, and at what point,
students’ beliefs shift.
Table 3.8. Descriptive Statistics for the Single Scale, Conceptual Learning
Itema

Meanab

SDa

Skewnessa

Kurtosisa

3.25

1.09

-0.134

-0.844

2 After I study a topic in chemistry and feel that I
understand it, I have difficulty solving problems
on the same topic.

2.99

1.00

0.214

-0.915

3 Knowledge in chemistry consists of many
disconnected topics.

2.16

0.98

0.762

0.115

4 If I have not memorized the chemical behavior
needed to answer a question on an exam, there's
nothing much I can do (legally!) to figure out the
behavior.

2.84

1.01

0.465

-0.772

5 If I don't remember a particular equation needed to
solve a problem on an exam, there's nothing much
I can do (legally!) to come up with it.

3.12

1.06

-0.076

-0.939

6 If I want to apply a method used for solving one
chemistry problem to another problem, the
problems must involve very similar situations.

3.29

0.89

-0.364

-0.789

7 If I get stuck on a chemistry problem, there is no
chance I’ll figure it out on my own.

2.25

0.97

0.930

0.721

1 A significant problem in learning chemistry is
being able to memorize all the information I need
to know.

a

N = 178. bRespondents used a scale in which 1 = Strongly disagree; 3 = Neutral; 5 = Strongly agree.
Overall mean 2.84.

Conclusions
The 50-item CLASS instrument was given to a sample of 311 college students
enrolled in General Chemistry I Laboratory. The nine single scales proposed in the
literature were successfully reproduced. However, only 36 items out of 50 items were
used in the duplication of the proposed model. It is time-consuming to give students a 50item questionnaire and only use 36 items. Therefore, it is important to create instruments
that can be used as a whole, and can measure more than one construct simultaneously.
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After duplicating the proposed model, we know that the CLASS instrument in our
sample can provide good results for any of the nine scales. However, a closer
psychometric evaluation of the 50-item CLASS did not provide evidence that more than
one scale was simultaneously measured. When a confirmatory factor analysis was
performed, a model for the full data set was not produced. This is due to the extreme
overlapping of the scales, because the items were included in more than one scale. To
circumvent this problem, a CFA with unique scales was performed. Results showed a
reasonable model fit for a three-factor solution. This was an accomplishment, as this
result supported the fact that at least three scales (Personal Interest; Problem Solving:
Confidence; and Atomic-Molecular Perspective of Chemistry) were simultaneously
measured by the 50-item instrument. Instructors interested in those three aspects of
attitude may be interested in using the 50-item CLASS. For researchers, determining
whether the three-factor solution remains robust when the three scales are used to create a
stand-alone instrument would be one possible direction of future research. Another
possible direction would be to undertake similar psychometric analysis for data obtained
with the physics and biology versions of CLASS (Adam et al., 2006; Knight & Smith,
2010).
Short instruments are more feasible to use, particularly when administered in
classrooms where instruction time is precious owing to the overwhelming curriculum. In
general, short instruments are more likely to be fully completed than time-consuming
instruments, yielding less missing data. More importantly, shorter instruments have
“greater acceptability, which will be reflected in the data collected” (Lichtenstein et al.,
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2008). Therefore, short instruments, or an instrument that can simultaneously measure
more than one scale, become better options in educational settings.
To assist instructors whose class time constraints do not allow for a lengthy
instrument and researchers seeking to use Fishbein’s attitude theory, our next step was
mapping CLASS items back to Fishbein’s theory. We selected two scales that maintained
the belief versus behavior distinction, and administered them as separate, stand-alone
instruments. Two single-factor CFA models provided evidence that these individual
scales may be used to measure the corresponding aspect of attitude with our sample.
Although it would be advantageous to see whether the single-scale instruments we tested
with our sample have similar psychometric properties with a different sample, from these
initial results we conclude that the CLASS instrument provides fertile ground for small
instruments with reasonable psychometric properties. Although there are many possible
routes for further inquiry, in general we believe that our work with CLASS to this point
represents a significant addition to the information available to teachers and researchers
about existing instruments.
Regardless of the length of the instrument, results of this study indicate that it is
important to pilot test instruments with a particular sample. Not only will this be useful
for the researchers who are conducting the study, it will provide the chemistry education
researcher and practitioner community with more information about the psychometric
properties of instrument score.
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IV. The Application and Evaluation of a Two-Concept Diagnostic Instrument with
Students Entering College General Chemistry
College-level chemistry courses are required for science majors. Students who are
unable to successfully pass introductory college chemistry are prevented from continuing
in science-oriented programs. Therefore, student performance in introductory collegelevel chemistry courses remains a recognized area of concern. Extensive research has
been done to predict student performance in college chemistry courses (Potgieter,
Ackermann, & Fletcher, 2010; Russell, 1994; Tai, Sadler, & Loehr, 2005; Wagner,
Sasser, & DiBiase, 2002). Previous studies have used the California Chemistry
Diagnostic Exam (McFate & Olmsted III, 1999), the SAT (Spencer, 1996), as well as
logical reasoning instruments (Bunce & Hutchinson, 1993; Jiang, Garcia, & Lewis 2010;
Lewis & Lewis, 2007) to predict student achievement in introductory college chemistry.
Other approaches have been used to assess student learning. Qualitative
approaches such as open-ended responses (Nyachwaya, et al., 2011), and clinical
interviews (Costu, 2008; Ebenezer & Gaskell, 1995), have been widely used as an
effective tool to investigate students’ thinking and conceptual understanding. While these
approaches provide rich and detailed information, they are time consuming, and not easy
to use in classroom assessment. Multiple-choice test format is convenient, and therefore,
typically used in standardized and in classroom tests (Examinations Institute, 2011). For
example, multiple-choice summative tests cover content as broadly as possible to reflect
the student cumulative knowledge, and therefore, provide information about the student
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content knowledge at the end of a chapter or a semester in a particular subject area.
However, the interpretation of each item in summative tests cannot specifically provide
information about the alternative conceptions students have about chemistry concepts.
Chemistry-based diagnostic tests have been developed and used to measure
student alternative conceptions (Treagust, 1986; Treagust 1988; Treagust et al., 2011;
Tsai and Chou 2002; Voska & Heikkinen 2000). These assessments can diagnose
students’ understanding of concepts that are included in the introductory college
chemistry curriculum. Two important concepts, the particulate nature of matter and
chemical bonding, are included in a diagnostic instrument developed by Othman,
Treagust, & Chandrasegaran (2008) for secondary school students. Other instruments are
available to measure students’ alternative conceptions; however, they are often more
general (Mulford & Robinson, 2002) or more appropriate for later in the curriculum
(Villafañe et al., 2011). Because of its tight focus on two concepts and its suitability for
students who have little experience with college chemistry, the two-tier Particulate
Nature of Matter and Chemical Bonding Diagnostic Instrument was chosen for this study
(Diagnostic Instrument hereafter). The two concept instrument is also accessible, short,
and easy to administer, and its two-tier design allows students to provide both an answer
and a reason.
Study Purpose
The purpose of this study is to probe student understanding of two important
topics from secondary school chemistry that will be covered in greater depth in
introductory college-level chemistry, and to compare the understanding of students who
enter the course via different pathways. Within the context of the study, students who
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enroll directly in General Chemistry I are expected to have taken chemistry in secondary
school. However, some students in the U.S. are able to graduate from secondary school
without taking a course focused on chemistry. For example, to achieve the three required
high school science credits (full-year courses) in the school district in which the
university is located, students may take an introductory integrated science course in
which some chemistry topics may play a role, followed by a biological science course,
capped with an elective such as ecology. Therefore, upon their arrival at the university,
students without (or with limited exposure to) secondary school chemistry are
recommended to take Preparatory Chemistry prior to General Chemistry I. Regardless of
the pathway into the General Chemistry I, students need to have developed a conceptual
understanding of the particulate nature of matter and chemical bonding before enrolling
in the course. We believe that the Particulate Nature of Matter and Chemical Bonding
Diagnostic Instrument is suitable for determining the state of their understanding at the
time of course entry. However, one important question is whether the instrument
functions well at the college level. Thus, this study will begin by investigating the factor
structure of the item scores to determine whether the instrument’s designed factors are
relevant for the present use. The study will then move to the interpretation of the
students’ responses to examine whether a preparatory chemistry course appears to have
any influence on student understanding of the two topics.
Research Questions
The following research questions will guide this study: (1) Do students entering
General Chemistry I having taken Preparatory Chemistry perform better on the
Diagnostic Instrument than students without Preparatory Chemistry? (2) Which
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alternative conceptions, if any, do students entering General Chemistry I have? (3) Are
the alternative conceptions the same or different for students entering General Chemistry
I with Preparatory Chemistry as compared to those entering without it?
Course Context and Chosen Instrument
Preparatory chemistry. Preparatory Chemistry is a one-semester course that is
recommended for students with an SAT Math score lower than 550, and for those who
did not take secondary school chemistry. The course is intended to prepare students to
take General Chemistry I, and has a history of promoting success in that course (Garcia,
2010). According to the syllabus, the emphasis of Preparatory Chemistry is on providing
foundational understanding of chemical principles and developing fundamental
processing skills such as critical thinking and learning strategies. Upon completion of the
course, students are expected to understand and be able to apply the particulate nature of
matter and the first law of thermodynamics. More detailed course information is
presented in Appendix B.
General chemistry I. General Chemistry I is the first of two semester-long
introductory-level college chemistry courses, required for all science majors. Students
who take General Chemistry I without taking Preparatory Chemistry are expected to have
at least one year of secondary school chemistry and evidence of prior mathematics
achievement, such as an SAT Math score of at least 550 or a passing grade in a collegelevel algebra course. Principles and applications of chemistry, including properties of
substances and reactions, thermo-chemistry, atomic-molecular structure and bonding, and
periodic properties of elements and compounds are discussed in the course. The structure
of the course has been discussed previously (Lewis & Lewis 2005; 2008).
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Diagnostic instrument. The Particulate Nature of Matter and Chemical Bonding
Diagnostic Instrument (Othman, et al., 2008), was originally developed for secondary
school students. It is a two-tier diagnostic used to investigate students’ conceptions of the
particulate nature of matter, and their understanding of chemical bonding (the instrument
is included in Appendix C). The instrument consists of ten items, five items for each
concept. These items comprised topics such as molecular and macroscopic properties,
solutions, conservation of matter, and phase changes for the concept of particulate nature
of matter, and electrical conductivity, structure of sodium chloride, and intermolecular
forces for the concept of chemical bonding. Each item consists of two multiple-choice
questions. The first tier of each item is a multiple-choice question that relates to a
problem statement. The second tier of each item is composed of a set of explanations for
the answers from the first tier. The second tier (reasoning) can provide information about
which alternative conceptions students have about the two chemistry concepts.
The original study conducted by Othman et al. (2008) reported alternative
conceptions about the particulate nature of matter and chemical bonding held by
secondary school students in Singapore. More than half of the students in grades 9 (N =
140) and 10 (N = 120) believed that “an atom of an element shares some physical
properties as a sample of the element.” Similar alternative conceptions about the
particulate nature of matter have been found in different educational contexts, and
reported in many other studies. For example, Taber (2001) and Johnson (2005) have
explained that many students believe the particles in a substance possess the same
macroscopic properties as the substance and suggested that instructional practices may
reinforce this belief. Recently, Salta & Tzougraki (2011) found that secondary school
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students in Greece failed to successfully answer questions regarding the particulate nature
of matter due to their inability to transfer understanding from the atomic level to the
macroscopic level. A common alternative conception about chemical bonding found by
Othman et al. (2008) was that “sodium chloride exists as molecules.” About 40% percent
of the students in both grades selected this alternative conception. During one-on-one
interviews with college students enrolled in introductory chemistry in the U.S., Teichert
et al. (2008) also found that students believe that ionic compounds exist as molecules.
Because similar alternative conceptions are so pervasive, appearing in students of
different ages, in different countries, and through different methods of investigation, there
is reason to check for these ideas among our students entering college level general
chemistry.
Diagnostic instrument & preparatory chemistry. In order to be successful in
General Chemistry I, students need to have a conceptual understanding of the particulate
nature of matter and chemical bonding. A closer look at the Preparatory Chemistry
syllabus, textbook (Tro, 2009), and in-class activities revealed that students discussed
matter, compounds, solutions, and physical changes as early as the second and third week
of class. The concepts are then built on this general overview, and become more in-depth
in later weeks. By the fourth and fifth week of classes, students are challenged with
questions about ionic and molecular compounds. Various examples using macro and
micro representations of NaCl and CO2 are used to explain the difference between ionic
and molecular compounds. In week seven, students discuss the concept of solubility. A
sodium chloride solution, represented as NaCl(aq) is provided as an example to discuss
electrical conductivity. By the thirteenth and fourteenth week of class, students review in
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further detail the concept of phase changes. A picture with a pot of water is shown, and
an explanation about how the bubbles are formed is provided. Multiple representations of
NaCl, CO2, and H2O are used throughout each chapter in the book to encourage student
conceptual understanding. At the end of each chapter, students are confronted with
mathematical problems, which assumes that students have learned the concepts. After
considering the topics discussed in Preparatory Chemistry, one would expect that this
group of students would have a better conceptual understanding of the two concepts
measured by the Diagnostic Instrument than would students entering from diverse
secondary school chemistry backgrounds.
Methodology
Participants. This study took place at a large public research university in the
southeastern United States. The instrument was administered to students enrolled in
General Chemistry I in Spring 2010, during the second week of class as a paper and
pencil test. The students were given 25 minutes to answer the 10-item Diagnostic
Instrument. Students in this course were from more than 25 majors, the largest of which
were (1) bio-medical sciences 26%, (2) biology 17%, and (3) pre-medical sciences 10%.
About 3% of the students were majoring in chemistry. This diverse sample is typical of
the student population taking introductory college-level chemistry at this institution.
It is common for science students to register for General Chemistry I during the
fall semester, and register for General Chemistry II during the following spring semester.
However, not every science major follows this path. First, there are often more students
wanting to take General Chemistry I in the fall than seats available, and second, as
described above, selected students are encouraged to take a preparatory chemistry course
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in the fall semester. There are also students who are able to enroll in General Chemistry I
in the fall, but do not succeed with a course passing grade of C or above, and therefore
cannot take General Chemistry II without repeating General Chemistry I. In order to meet
student demand from these diverse pathways, General Chemistry I is routinely offered in
the spring semester. Since the participants in this study are enrolled in the General
Chemistry I course during the spring semester, it makes sense to examine the student
population in more detail.
Three distinct groups emerge from this examination: Group A, the “with prepchem” group, 364 students who have taken Preparatory Chemistry; Group B, the
“repeaters,” 125 students who have not taken Preparatory Chemistry but who have been
enrolled in General Chemistry I in a prior semester; and Group C, the “first-timers,” 236
students who have not taken Preparatory Chemistry but also have never been enrolled in
General Chemistry I. Not only are these groups different in terms of their pathway to
General Chemistry I in Spring 2010, they are also different with respect to demographic
information. The prep-chem group is more heavily tipped toward female (68%) than male
(32%) students as compared to the other two groups (χ² (2, N = 725) = 20.7, p < .01) and
has a more diverse population as compared to the other two groups, including a sizable
number of underrepresented minority students (χ² (12, N = 725) = 52.2, p < .01). In terms
of prior math achievement, the prep-chem group, as expected, has a lower average Math
SAT score than the other two groups (F (2, N = 576) = 22.6, p <.01). Detailed
demographic information for each group is presented in Appendix B.
Data analysis. When data from any instrument is collected, the first step is to
examine descriptive statistics. SPSS 18.0 was used to obtain descriptive statistics for the
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ten items and total score on the diagnostic instrument, and the results appear in Table 4.1.
The next step is to look for reliability and validity evidence. For reliability, Cronbach’s
alpha values were calculated in SAS 9.1, and the results compared to the commonly used
cutoff of .70 (Murphy & Davidshofer, 2005; Thompson, 2003). For factorial validity, a
confirmatory factor analysis in Mplus 5.2 estimated how well the 2-concept model for the
instrument fit the item data obtained with our sample (Crocker & Algina, 2006). In
addition to recommended cutoffs for model fit statistics (Hu & Bentler, 1999; Brown,
2006), factor correlation and item loadings are used to evaluate the fit.
Data analysis then moves to interpretation. To determine whether group
membership was associated with a difference in performance on the Diagnostic
Instrument, ANCOVA was performed in SAS 9.1. Detail information about the
ANCOVA analysis is presented in Appendix B. Finally, chi-square comparisons allowed
the identification of two incorrect ideas that are less prevalent in a particular group.
Guessing value. Although the strength of a multiple choice assessment is that it
can be given to a large number of students, as in this setting, a weakness is that is hard to
identify whether students have a real misconception or are just guessing. With smaller
groups, interviews and/or open-response options allow for additional analysis, but with
over 500 students in a sample, the workload for these two strategies becomes
prohibitively large, and clever ways of using multiple-choice instruments are needed.
Following Othman et al. (2008), student response patterns were used to identify
prevalent alternative conceptions, but, rather than applying an across-the-board cutoff of
10%, a variable percentage based on the potential for guessing associated with a given
item serves as the cutoff. One way of handling the guessing effect associated with a
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multiple choice assessment is to decide that, for a guesser, all options are equally
plausible. For an exam question that has four options, the chance of randomly guessing
the correct answer would then be approximately 25%. However, for a two-tier item, if
each question has four options, the chance of guessing the correct answer combination
drops to approximately 6% (0.25 x 0.25).
Results and Discussion
For the Spring 2010 data, 683 responses were returned. Four sets of responses
could not be verified as from students enrolled in the course, and were therefore excluded
from this analysis. For the remaining 679 students, the item mean scores range from 0.06
(6%) to 0.46 (46%), and standard deviations range from 0.24 to 0.50. Descriptive
statistics for each of the three groups are shown in Table 4.1. Items 6 and 7 are extremely
difficult for all three groups, with less than 10% of students answering correctly in each
case. The large values (larger than 1) for the skewness and kurtosis for these two items
suggest violation of normality, so interpretations based solely on these items must be
cautious. The overall mean (out of 10) of students without Preparatory Chemistry (both
repeaters and first-timers) is 2.71, which breaks down as 2.77 for repeaters and 2.71 for
first-timers. For students with Preparatory Chemistry the mean is 2.87. Overall, these low
means suggest that students have a poor understanding of the two chemistry concepts
regardless of their pathway into the course.
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Table 4.1. Descriptive Statistics of Item Score and Total Score (N = 679)
With Prep-Chem (N = 348)
Without Prep-Chem (N = 331)
Item

Repeaters (N = 108)

First-timers (N = 223)

B

C

A
M

SD

Skew

Kurt

M

SD

Skew

Kurt

M

SD

Skew

Kurt

1

0.35

0.48

0.62

-1.63

0.27

0.45

1.06

-0.89

0.25

0.43

1.16

-0.67

2

0.45

0.50

0.21

-1.97

0.47

0.50

0.11

-2.03

0.46

0.50

0.17

-1.99

3

0.38

0.49

0.51

-1.75

0.29

0.45

0.95

-1.11

0.30

0.46

0.88

-1.24

4

0.39

0.49

0.46

-1.80

0.43

0.50

0.30

-1.94

0.39

0.49

0.47

-1.79

5

0.14

0.35

2.11

2.46

0.24

0.43

1.23

-0.50

0.23

0.42

1.30

-0.31

6

0.07

0.26

3.25

8.61

0.08

0.28

3.06

7.49

0.05

0.23

3.98

13.98

7

0.07

0.25

3.51

10.37

0.08

0.28

3.06

7.49

0.04

0.19

5.03

23.46

8

0.19

0.39

1.57

0.46

0.20

0.40

1.49

0.23

0.17

0.37

1.81

1.28

9

0.38

0.49

0.51

-1.75

0.39

0.49

0.46

-1.82

0.37

0.48

0.55

-1.71

10

0.46

0.50

0.16

-1.99

0.31

0.47

0.81

-1.37

0.46

0.50

0.15

-1.99

Total
score

2.87

1.75

0.50

-0.28

2.77

1.76

0.55

-0.30

2.71

1.75

0.60

-0.15

Reliability and validity. The reliability of the Diagnostic Instrument scores was
examined using Cronbach’s alpha estimates. A Cronbach’s alpha of 0.62 is obtained
when students’ responses for the 20 questions are considered, which is close to the value
of 0.66 reported in the literature (Othman et al., 2008) and not too far below the usual
benchmark of 0.7 (Murphy & Davidshofer, 2005). Since this is a two-tier diagnostic
instrument, two questions create an item for a total of 10 items. Therefore, one would
expect to calculate a reliability coefficient based on 10 item scores rather than on 20
question scores. In that case a Cronbach’s alpha of 0.42 is produced, which is
considerably lower than cited in the literature. Splitting the instrument into its two
suggested factors results in even lower reliability coefficients. Overall, these reliability
investigations suggest that, for this sample, it is prudent to avoid making claims beyond
the item level. In other words, from a reliability perspective, the instrument appears to be
functioning similarly to an end-of-chapter test covering different aspects of related topics.
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Another way to check for evidence of relationships among items is to utilize
factor analysis. Othman et al., (2008) proposes that the Diagnostic Instrument is divided
into two concepts, the particulate nature of matter and chemical bonding. Therefore, since
the sample size is sufficiently large (Hogarty et al., 2005; McCallum, 1999) a
confirmatory factor analysis (CFA) was performed in Mplus 5.2 on a first-order model
with two latent factors that were allowed to correlate. According to the proposed model
items 1, 2, 3, 4, and 5 were set to load in factor “Particulate Nature” only, and items 6, 7,
8, 9, and 10 were set to load in factor “Chemical Bonding” only. While model fit
statistics (see Appendix B) were within the range for an acceptable fit (Brown, 2006), the
factor loadings were problematic (see Table 4.2).
Table 4.2. CFA Loadings for the Two-factor Solution (N = 679)
Item
Loading
Particulate nature of matter
Item 1
0.78
Item 2
0.29
Item 3
0.88
Item 4
0.20
Item 5
0.27
Chemical bonding
Item 6
0.40
Item 7
-0.16a
Item 8
0.05a
Item 9
0.42
Item 10
a

0.44

Not significant

As shown in Table 4.2, all items except 1 and 3 load only weakly in their
proposed factor. In addition, the loadings for items 7 and 8 from the Chemical Bonding
concept are not large enough to be significant.
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A CFA for a 1-factor model, which places all 10 items in a single factor, was also
performed. The fit statistics were slightly worse than for the 2-factor model, and factor
loadings were very similar to the ones presented for the 2-factor model, so are not shown
here. Like the reliability analysis, these factor analysis results again suggest the
instrument is functioning more like a traditional content test in this setting, with student
responses for one item on the test not necessarily related to their responses for another
item.
Comparison of students’ performance with and without preparatory
chemistry. At first glance, although students in Group A (with prep-chem) performed
slightly better than students in the other two groups (Table 4.1) on the Diagnostic
Instrument, the difference is quite small, such that ANOVA did not find a statistically
significant difference among groups (F (2, N = 679) = 0.63, p = 0.53). However, the three
groups are different in other ways. The students in Group A had significantly lower prior
achievement in math than the other two groups. This is particularly important since in the
study setting, prior math achievement as measured by SAT Math score has been strongly
associated with chemistry content measures (Lewis & Lewis, 2007). Therefore, to further
investigate the student performance on the diagnostic instrument, an ANCOVA was
performed (Stevens, 1999). This analysis allowed us to determine whether the inclusion
of SAT Math score as a covariate would reveal a significant pathway effect (see
Appendix B). The main effect of the grouping variable was significant (F (3, N = 544) =
3.73, p = .02), yielding adjusted group means of 2.93, 2.65 and 2.45 for Groups A, B, and
C respectively. In other words, after controlling for SAT Math, students who took the
prep-chem course (Group A) are predicted to score 0.48 points higher on the Diagnostic
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Instrument than the students who simply waited to take General Chemistry I (the firsttimers, or Group C). Although the repeaters (Group B) are predicted to score 0.20 points
higher than first-timers (Group C) in the course, this difference is not significant. A
graphical display of the ANCOVA analysis is provided in Appendix B.
In summary, before the inclusion of SAT Math scores as a covariate, no
statistically significant difference among groups was found. The ANCOVA, however,
revealed that the Preparatory Chemistry course was associated with students’ higher
performance on the Diagnostic Instrument, having a statistically significant but small
effect. Previous exposure to the General Chemistry I course had a positive though not
significant effect on students’ scores. This result aligns with common sense about the
effect of prior coursework in chemistry, and provides hope that Preparatory Chemistry is
assisting students to some degree. However, since the second tier of each item provides
information about the student conceptual understanding, a detailed item-by-item look at
the data will determine whether there are any particular alternative conceptions that
appear to a lesser extent for the prep-chem group of students.
Alternative Conceptions. As discussed, the instrument seems to be functioning
similarly to a focused content test in this setting. The best approach is to look at total
score, as above, followed by performance on individual items. At the question level,
students tend to perform better on the content part of an item (first tier) than on the
reasoning part (second tier), and getting both parts of an item correct is difficult. These
results are consistent with those reported by Othman, et al. (2008). Students may know
the correct answer for the content question being asked but have not understood why it is
so, indicating a lack of understanding of the concept. These findings support the idea that
49

it is appropriate to look at student response patterns within an item when deciding
whether alternative conceptions are present. How to do so requires some decisions.
In this study, the number of response options for each question varies from two to
five, so the chance of guessing the correct answer for both items under the equal
plausibility assumption varies as well, but is never higher than 12.5%. Since the means
for the three groups in this study, with preparatory chemistry (2.87), repeaters (2.77), and
first-timers (2.71), are quite a bit lower than the mean of 5.2 reported by Othman et al.,
(2008), we were concerned that students may have been guessing in many cases. Given
that, in the real world of guessing, not all response options are equally plausible, we
chose a cutoff value of twice the approximate random guessing value. In this way, we can
be certain that the response patterns we identify are very likely to be common alternative
conceptions. In other words, if students choose a particular combination of response
options for the two items at a level that is so much higher than by chance alone, we can
say with confidence that there is something attractive about that combination.
The observed percent of students choosing alternative conceptions is compared
with twice the approximate guessing value in Tables 4.3 through 4.6. We will use this
comparison to guide us in the next phase of analysis, determining whether there is any
evidence that a Preparatory Chemistry course helps to alleviate a prevalent
misconception, but a descriptive look at the patterns is also revealing.
A total of eleven alternative conceptions related to the topic of particulate nature
of matter were found, and are shown in Tables 4.3 and 4.4. Five answer choice
combinations were above the cutoff for all three groups of students, including, in order of
decreasing frequency, the notion that an atom has the same properties as an element, that
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stirring is necessary for dissolution to occur, and that iodine weighs less in the vapor
phase than in the solid phase. For phase changes in water, there is more diversity. Two
answer choice combinations, that hydrogen and oxygen atoms in water molecules break
apart to form gases and that evaporation can be thought of as water molecules escaping
into the air with no particulate representation, are above the cutoff for all three groups.
Six other combinations are more mixed, with not all groups showing evidence of the
identical alternative conceptions.
Table 4.3. Alternative Conceptions about the Particulate Nature of Matter held by all three groups of General
Chemistry I students (N = 679)

Alternative Conception

Choice
combination

A: With
Prep-Chem
(N = 348)

B: Repeaters
(N = 108)

C: Firsttimers
(N = 223)

Twice %
guessing
value

Molecular and macroscopic properties
An atom is the smallest particle of an
element that has the same properties as
the element.

Item 5 [A1]

49.4

43.5

42.6

12.5

Item 4 [B4]

39.1

37.0

44.4

25

Item 2 [A1]

21.8

22.2

22.8

17

The hydrogen and oxygen atoms in water
molecules break away from each other to
form gaseous oxygen and hydrogen.

Item 1 [B1]

13.2

23.1

14.0

8

Water molecules have escaped into the
air, and are not represented in a
particulate way.

Item 3 [C2]

10.34

11.1

11.21

8

Dissolving
A solute only dissolves when stirring
causes the crystals to break into smaller
particles that can no longer be seen.
Conservation of matter during phase
changes
Iodine gas weighs less than solid iodine.
Boiling/evaporation of water

Choosing the correct particulate representation for evaporated water was,
however, a problem for all three groups, as over 50% of each group got the first tier of
item 3 wrong (see Appendix B). For three cases, in which students answered the first tier
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of item 1 correctly (that the bubbles in boiling water contain water vapor) but had trouble
with the reason, the repeaters are slightly below the cutoff in two instances and the prepchem students are slightly below for the third.
A total of seven alternative conceptions related to the topic of Chemical Bonding
were found, and are shown in Tables 4.5 and 4.6. Four alternative conceptions were
found in all three groups of students, including that molten calcium fluoride’s free
electrons allow it to conduct electricity, and that sodium chloride contains molecules
formed by the donation of a valence electron from sodium to chlorine.
Table 4.4. Alternative Conceptions about Particulate Nature of Matter held by at least one group of General
Chemistry I students (N = 679)a

Alternative Conception

Choice
combination

A: With
PrepChem

B: Repeaters
(N = 108)

(N = 348)

C: Firsttimers
(N = 223)

Twice %
guessing
value

Boiling/evaporation of water
Water molecules have broken free
from one another and
decomposed into oxygen and
hydrogen atoms.
Water molecules have
decomposed into diatomic oxygen
and hydrogen gas.
Water molecules have
decomposed into oxygen atoms
and hydrogen atoms.

Item 3 [D4]

9.18

7.41

14.8

8

Item 3 [A3]

8.33

11.1

4.93

8

Item 3 [D1]

3.45

9.25

5.83

8

When the water is heated, the air
between the water molecules is
released in the form of bubbles.
The hydrogen and oxygen atoms
in water molecules break away
from each other to form gaseous
water vapor.

Item 1 [D2]

9.70

5.56

10.3

8

Item 1 [D1]

8.90

7.41

10.8

8

Heat energy is absorbed by the
water and released as bubbles.

Item 1 [D3]

6.90

12.0

13.5

8

a

A bold number is used to indicate being above the cutoff in the last column.

The two other answer combinations have opposite perspectives on whether carbon
dioxide has low melting and boiling points but the commonality of using an empirical
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fact (carbon dioxide is a gas at room temperature) rather than a particulate-level
explanation as a reason.
Two alternative conceptions were found among first-timers only, that sodium
chloride produces free electrons when dissolved in water and that calcium fluoride is
made up of covalent molecules. Finally, the alternative conception that sodium chloride is
made up of covalent molecules involving a shared pair of electrons is prevalent for
repeaters and first-timers, but the students with prep-chem were not, as a group, quite as
attracted to this idea.
Table 4.5. Alternative Conceptions about Chemical Bonding held by all three groups of
General Chemistry I students (N = 679)

Alternative Conception

A: With
PrepChem

Choice
combination

B: Repeaters
(N = 108)

(N = 348)

C: Firsttimers
(N = 223)

Twice %
guessing
value

Electrical conductivity of ionic compounds
Calcium fluoride is an ionic
compound; it has free electrons that
enable it to conduct electricity.

Item 8 [A3]

42.5

31.5

33.2

25

Item 6 [A2]

39.1

39.8

33.2

25

Structure of sodium chloride
After donating its valence electron
to the chloride, the sodium ions
form a molecule with the chloride
ion.

Intermolecular & Intramolecular forces
Carbon dioxide has low melting
and boiling points because is a gas
at room temperature.

Item 7 [A4]

29.9

38.9

41.3

25

Carbon dioxide doesn’t have low
melting and boiling points because
is a gas at room temperature.

Item 7 [B4]

28.5

27.7

34.5

25
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Table 4.6. Alternative Conceptions about Chemical Bonding held by at least one group of General
Chemistry I students (N = 679)a
A: With
PrepChem

Choice
combination

Alternative Conception

B: Repeaters
(n= 108)

(n= 348)

C: Firsttimers
(n= 223)

Twice %
guessing
value

Electrical conductivity of ionic
compounds
NaCl produces free electrons when
dissolved in water, but not when is
solid.

Item9 [A3]

24.7

19.4

26.0

25

Calcium fluoride
covalent molecules.

Item8 [B4]

18.9

22.2

30.0

25

Item6 [A1]

21.6

32.4

33.6

25

consists

of

Structure of sodium chloride
The sodium atom shares a pair of
electrons with the chlorine atom to
form a simple molecule.
a

A bold number is used to indicate being above the cutoff in the last column.

Since we are interested specifically in the role Preparatory Chemistry is supposed
to play in helping students understand concepts from secondary school chemistry before
they enter General Chemistry I, we focus on the two cases from the descriptive analysis
in which the cutoff indicated an alternative conception for the other two groups, but not
for the students with prep-chem. The question is whether the percentage of students with
the alternative conception is significantly different among the three groups, which can be
addressed with a chi-square test. For the alternative conception that heat energy is
absorbed by boiling water and released as bubbles, the percentages were found to be
significantly different (χ² (2, N = 679) = 7.25, p = .03), with prep-chem significantly
lower. For the alternative conception that sodium chloride is made up of covalent
molecules involving a shared pair of electrons, again the percentages were found to be
significantly different (χ² (2, N = 679) = 11.00 p = .003) with prep-chem significantly
lower.
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While these statistical tests provide some evidence that Preparatory Chemistry
students lack two alternative ideas that the other two groups of students still have, when
the curriculum for Preparatory Chemistry is examined, it is not at all clear by what
mechanism these two particular alternative conceptions would have been corrected while
the other alternative conceptions persisted. As indicated by all three groups’ responses to
the Diagnostic Instrument, the dismaying news is that a high percentage of all students
entering General Chemistry I in Spring 2010 had not yet understood fundamental ideas of
the particle theory, even though one group of them took a course that, on the surface,
contained exactly the right level of content knowledge for them to be successful on this
instrument.
Conclusions
In general, all three groups of students have similar alternative conceptions, which
have also been reported in previous studies (Costu, 2008; Harrison & Treagust 2002;
Mulford & Robinson, 2002; Taber, 2001). This is particularly true for the distinction
between an atom and an element, the role of stirring in dissolution, the nature of the ionic
bond in sodium chloride, and the mechanism by which a molten ionic compound
conducts electricity, in which most of the students in each group responded with
alternative conceptions.
Two tier multiple-choice instruments like the one used in this study are good
formative assessment tools. The use of a second tier (reasoning) provides instructors with
more information about student conceptual understanding.

The next step, once

alternative conceptions have been uncovered, is to determine whether instructional
strategies can improve student understanding. These types of assessments then become
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useful as evaluative resources to examine the effectiveness of instruction in addressing
student alternative conceptions.
In terms of the role of Preparatory Chemistry, the ANCOVA results, although
statistically significant, showed that the course effect on the overall Diagnostic
Instrument score is small. In addition, we were able to find only two alternative
conceptions that were less attractive to students with prep-chem as compared to the other
two groups. Therefore, it is difficult to conclude that exposure to Preparatory Chemistry
helped students’ understanding of the particulate nature of matter and chemical bonding
in a substantive way. The results of this assessment must be used to rethink the role of
that course. If the course intention remains to help students to understand and apply the
particulate nature of matter as described in the syllabus, specifically targeting the
alternative conceptions found in this study can help.
A contribution of this study has been the implementation of a cutoff derived from
a plausible guessing frequency to identify students’ alternative conceptions. An
approximate “guessing percentage” for each item was calculated so that response patterns
that were the result of guessing alone could be reduced to the level of noise. Using twice
the approximate guessing value as a cutoff, we were able to identify very common
alternative conceptions in the study population.
One of the limitations of this study includes using a low stakes exam to evaluate
students’ alternative conceptions. Although the Diagnostic Instrument was given under
similar conditions as the regular course exams, students knew that it was a low stakes
exam. This can influence the performance of the students, reducing the impetus to think
hard about subtle differences among response options. Another limitation is that the
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Diagnostic Instrument was not given again to the students at a later point in the term.
Therefore, we do not have any data about whether the students were able to overcome or
change the alternative conceptions described in this chapter. This next step will be
particularly important in the future, to determine to what degree the General Chemistry I
course instructors are able to use these results to inform their teaching.
Using this instrument to try to understand the role of Preparatory Chemistry has
left us with some outstanding questions for future research. We did identify specific
answer combinations that were prevalent in all three populations, but, in the absence of
interviews or open response items, we feel unsatisfied about the robustness of these
alternative conceptions. Would students have responded in the same way if the questions
were phrased slightly differently, or if they were asked to explain their thinking?
Constrained by a very large chemistry course-taking population and responsible to
instructors who value having information about all students, we do need a multiplechoice approach. While the two-tier Diagnostic Instrument has a significant advantage
over a single-item test, we believe there is room for still more refinement. The number of
items related to each specific concept within the larger topics of particulate nature of
matter and chemical bonding limited our understanding with regard to the students’
understanding of the specifics. Having multiple items designed to probe for the same
misconception would provide a greater certainty that students are answering as they truly
think, and are not overly influenced by a small detail of question wording or a momentary
distraction. What this study has highlighted for us is the critical importance of having
even shorter, more-tightly-focused instruments that help instructors probe particular
alternative conceptions.
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The Diagnostic Instrument was created to assess students’ understanding about
two broad concepts, particulate nature of matter and chemical bonding. It was also
intended to identify whether students’ understanding about one of the concepts influences
their understanding of the other concept. Results from the CFA in this case did not
support a two-factor structure, so we were unable to use the instrument for that purpose
within this study, and we look forward to others’ work on this topic. Regardless, the twotier Diagnostic Instrument provided useful information related to students’ conceptions
about the particulate nature of matter and chemical bonding that poses challenges for the
courses investigated in this study.
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V. Developing Assessments to influence Practice: Application of the Targeted
Misconception Inventory for General Chemistry
The falling number of students choosing to pursue sciences has become a concern
among faculty members, creating the need to improve the ways in which students are
taught and assessed (Rogan & Anderson, 2011; Osborne, Simon & Collins, 2003).
Assessment is a central component of instruction, as it determines to what extent the
educational goals are being met. Results from assessment tools are used for diverse
purposes, such as to promote student learning and to evaluate curriculum quality (Rogan,
& Anderson, 2011). As a result, both quantitative and qualitative measures have been
developed to assess students.
Interviews (Gopal, 2004; Teichert & Stacy, 2008) and open-ended questions
(Chang, 1999; Canpolat, 2006; Nyachwaya et al., 2011) are often used to assess student
understanding of chemistry concepts. Although these approaches are very effective, they
take time, and are harder to use for early assessment in larger classrooms. Performing
interviews to identify incorrect ideas held by a group of students is not only time
consuming, it also requires substantial training (Treagust, 1986). Therefore, multiplechoice diagnostic tests are a more efficient alternative to assess student understanding of
specific concepts that are taught in general chemistry courses. Well-constructed items
that incorporate student reasoning in the responses provide a relatively straightforward
method for identifying student incorrect ideas that arise from earlier teaching and
learning (Ozmen, 2008; Villafañe, Loertscher, Minderhout, & Lewis, 2011).
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Furthermore, studies have shown that multiple-choice items, which contain distractors
based on students’ identified incorrect ideas, can be used by instructors as pedagogical
tools to tailor instruction (Chandrasegaran, Treagust, & Mocerino, 2007, Othman,
Treagust, & Chandrasegaran, 2008).
A variety of quantitative measures has been used to assess student understanding
of key chemistry concepts such as the particulate nature of matter (Yezierski & Birk,
2006; Ayas, Ozmen, & Calik, 2010), chemical bonding (Nicoll, 2001; Hilton & Nichols,
2011; Tan & Treagust, 1999), and chemical equilibrium (Voska & Heikkinen, 2000;
Ozmen, 2008), among other topics (Abraham, Williamson, & Westbrook, 1994) that are
taught in college general chemistry. Learning of these concepts is essential to succeed in
college chemistry courses, and consequently, continue in science-oriented programs.
However, in order for students to develop an understanding of chemistry concepts, they
need to connect the new information with their preexisting knowledge. For example,
chemical bonding is prior knowledge needed to identify structure and intermolecular
forces that affect chemical and physical properties. If students’ prior knowledge is
fragmented, they are unlikely to learn the new information. Unfortunately, many students
bring scientifically incorrect ideas into the classroom, which prevents them from
constructing new knowledge and applying it to new situations, resulting in poor
understanding of chemistry concepts.
Since much work has been done to uncover students’ incorrect ideas, it is possible
to identify potential distractors from the research literature. For example, Goodwin
(2000) found that graduate trainee science teachers believed that the bubbles in boiling
water consist of air or a mixture of H2 and O2 gases. Johnson (2005) and Bodner (1991)
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reported similar findings for secondary-school students and chemistry graduate students,
respectively. In general, numerous studies have indicated that students at different
academic levels are confused about the nature of bubbles in boiling water (Osborne &
Cosgrove, 1983; Coştu 2008).
Incorrect ideas related to the understanding of the energetics of chemical bonding,
and ionic and covalent bonds have also been reported. Galley (2004) surveyed over 600
students majoring in biochemistry and physiology. He reported that when students were
asked to complete the sentence “An O-P bond in ATP is referred to as a high-energy
phosphate bond because,” more than 85% selected the incorrect option that breaking the
bond releases energy. Two other popular incorrect options were that the bond is stable
and that the bond is a relatively weak bond. In another study, Nicoll (2001) interviewed
undergraduate students from general chemistry, organic chemistry and physical
chemistry. Several questions were used to elicit information associated with chemical
bonding. Incorrect ideas related to ionic and covalent bonding were found, including the
belief that ionic bonding involves the sharing of electrons. In a comprehensive review of
the teaching and learning of chemical bonding, Nahum, Mamlok-Naaman, Hofstein, &
Taber (2010) also acknowledged that students confuse ionic compounds and molecular
compounds. Additional incorrect ideas included the beliefs that sodium ions and chloride
ions are formed only when an ionic solid dissolves in water, and that ionic bonds exist
only where there has been a direct electron transfer between atoms to form ions (Nahum,
Mamlok-Naaman, Hofstein, & Krajcik, 2007). The vast number of studies reporting
similar incorrect ideas held by students at all educational levels is a concern and confirms
the need to assess students early in the curriculum.
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Instructors play an important role in helping students overcome their incorrect
ideas (Piquette & Heikkinen, 2005; Tytler, 2007). However, often instructors only
receive information about their teaching effectiveness and/or student understanding after
an exam has been graded (King & Joshi, 2008). The lack of immediate feedback may
prevent instructors from determining if students understand the material being taught
before they need to move on to other topics. A teaching culture in which instructors are
interested in what students think, and from that basis help them to develop their
understanding of chemistry, is necessary (Schmidt, 2000). More active methods such as
clickers (also known as personal response devices) have been employed to improve
communication between students and the instructor, and thus, enhance the learning of
chemistry. This technology enables instructors to immediately collect information during
class allowing them to know how many students understand the topic or how many need
additional clarification (MacArthur & Jones, 2008). The use of clickers can also promotes
student participation and active learning, (King & Joshi, 2008). Therefore, instructors use
clickers as pedagogical tools to improve student learning of chemistry.
Purposes of the Study
The purposes of this study are (1) to design a two-tier multiple-choice diagnostic
test for college general chemistry students; (2) to identify students' incorrect ideas in
three specific content areas; and (3) to engage the course instructors in addressing student
incorrect ideas.
Research Questions
The study was guided by the following research questions: (1) Do test scores align
with test design, resulting in interpretable factors? (2) Which incorrect ideas, if any, do
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students enrolled in a specific college general chemistry course have about the three
measured concepts? (3) What is the effect of a small instructor-chosen intervention on
student understanding of the measured concepts?
Instrument
The Targeted Misconception Inventory (TMI) was inspired by one of Treagust’s
diagnostic tests, The Particulate Nature of Matter and Chemical Bonding Diagnostic
Instrument, a two-tier test designed to assess students’ conceptions about basic chemistry
concepts (Othman, et al., 2008). However, items from Mulford & Robinson (2002) or
Tan & Treagust, (1999), were also incorporated, as well as some newly created items.
Appendix D shows the provenance of each item on the instrument. A chemistry faculty
member and five chemistry graduate students were responsible for creating the new set of
items. The resulting TMI includes items related to bond energy, phase changes, and ionic
bonding only. While Othman, et al.’s, (2008) diagnostic instrument was originally
developed for secondary school students, these three selected concepts are taught in
secondary school but also covered in more depth in introductory college chemistry. They
are thus suitable concepts for an assessment targeting college general chemistry students.
While the TMI follows a two-tier structure, the second tier (reasoning) also has a
parallel structure across sets of items that include three consistent incorrect ideas as
distractors. In other words, the same incorrect ideas are probed across all items related to
a concept, though in different order and with different wording. Furthermore, the TMI
has a total of nine items (18 questions), comprising three two-tier multiple-choice items
for each of the concepts. Using similar distractors across three items related to a specific
concept provides an understanding of the consistency of student responses. For example,
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if students are selecting a parallel distractor for all three items, there is a high level of
certainty that a student has that incorrect idea. Therefore, this parallel structure allows the
identification of specific incorrect ideas, which can be probed by instructors at the
appropriate time in the curriculum.
Methodology
Participants and data collection. This study took place at a large public research
university in the southeastern United States. The TMI instrument was administered to all
students enrolled in general chemistry in Spring 2011, during the second week of class, as
a paper and pencil test. The students were given 30 minutes and received 20 points for
answering the nine-item instrument. A total of 710 responses were collected. Student
responses were checked for missing data and patterns. No patterns were found in the data,
but 28 sets of responses were incomplete. A total of 682 students with complete sets of
responses were therefore, used for analysis.
A total of 56% of the 682 students were female. Student majors included biomedical sciences (26%), biology (16%), and pre-medical sciences (10%). Only 2% of the
students were majoring in chemistry. There was also a sizeable number (~35%) of
underrepresented minority students in this sample, although 50% of the students were of
White race/ethnicity. This diverse sample is typical of the student population taking
general chemistry at the institution where the study took place. The structure of this
general chemistry course has been discussed elsewhere (Lewis & Lewis, 2005, 2007,
2008). Detailed demographic information is described in Appendix E.
Data analysis. Data collected for this study was first analyzed to investigate the
psychometric evidence for the internal structure of the instrument. Factor analysis was
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performed to determine whether the instrument’s designed factors (three distinct
concepts) were supported by the student responses. Analysis then shifted to interpretation
of the students’ responses to investigate whether students consistently selected any of the
incorrect ideas presented by the instrument. This analysis was followed by a description
of the instructors’ participation in deciding how to address student incorrect ideas, and an
examination of student performance on clicker and exam questions. Descriptive statistics
for the nine items, the factor scores, and the total score on the TMI diagnostic instrument
were obtained using SPSS software version 19.0.
Psychometric analysis. Factor analysis provides evidence of relationships among
items. For factorial validity, a confirmatory factor analysis in Mplus 5.2 estimated how
well the 3-concept model for the instrument fit the data obtained with the sample
(Crocker & Algina, 2006). Since the collected data was categorical (non-continuous
data), a robust weighted least square mean and variance approach (WLSMV) was
employed to estimate goodness of fit for the model based on the tetrachoric correlation
matrix for the 9 items (Crocker & Algina, 2006). To determine how well the proposed
model fits the data, different types of fit indices were examined. For example, a nonsignificant chi-square suggests a good model fit. However, this index is sample size
dependent. This means that as sample size increases, the chance to observe significant
lack of fit between the proposed model and data increases as well. A ratio of ten
respondents for every item is often recommended when performing factor analysis
(McCallum, Widaman, Hing, & Zhang, 1999). However, the rule of thumb ratio
recommendation does not always hold (Gagné & Hancock, 2006), and other indices that
are not sample size dependent were used to determine how well the model fits de data.
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For example, a value of less than 1.0 for the Weighted Root Mean Square Residual
(WRMR), a parsimony index for categorical data, represents a good fit (Brown, 2006).
Another type of index is the Comparative Fit Index (CFI), which is a common
incremental fit index that compares the proposed model with a completely uncorrelated
model. Hu & Bentler (1999) reported that CFI values greater than .95 indicate a good fit.
In addition to recommended cutoffs for model fit statistics, including chi-square and pvalue, factor correlations and item loadings were used to evaluate the model fit (Brown,
2006). Items that are measuring the same concept should produce scores that are
correlated. Cronbach’s alpha estimates were calculated using SPSS 19.0 to check if the
instrument is producing consistent scores for items within each scale (Thompson, 2003).
Using the parallel structure to identify incorrect ideas. Student responses from
the TMI were coded to reflect the parallel structure of the instrument. In this study, the
presence of a robust incorrect idea is accepted if students consistently select the same
distractor for all three reasoning questions (second tier) associated with a concept. For
example, the numbers 1, 2, and 3 (shown in Table 5.1) represent the three incorrect ideas
included in the second tier of the Phase Changes concept.
These ideas are present within the second tier distractors for all three items
associated with that concept. Students’ raw responses were recoded to account for
changes in distractor order across the set of questions. The other two concepts are
similarly parallel and were also recoded. After the recoding, a cross tabulation analysis
was performed to identify which incorrect ideas, if any, students were choosing
consistently. More information about incorrect ideas related to each concept is provided
in Appendix E.
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Classroom intervention. A detailed report including the common incorrect ideas
was given to the three instructors teaching general chemistry. The report provided
information about the level of understanding of the three measured chemistry concepts
among students enrolled in the course, and was used to create a classroom intervention.
Clickers, an instructional tool that enables instructors to quickly assess students in large
classes (King & Joshi, 2008), were used in the intervention.
Table 5.1. Sample Item for the Concept of Phase Changes
First Tier: Assume a beaker of pure water has been boiling for 30 minutes. What is/are
in the bubbles that are produced in the boiling water?a
a. Air
b. Oxygen gas and hydrogen gas
c. Oxygen
d. Water vapor (gaseous state)
Second Tier: The reason for my answer to question # isb
a. The hydrogen and oxygen atoms in water molecules break away from each other to
form gases. 1
b. When the water is heated, the air between the water molecules is released in the form
of bubbles. 2
c. The energy absorbed enables the molecules to break free of the attractions between
each other.
d. Water is turning into air. 3
a

Sample item is from Mulford & Robinson, 2002. bIncorrect Ideas: 1. Adding heat would separate
water molecules into hydrogen and oxygen gases. 2. There is air between water molecules: it is
released upon heating. 3. Phase change upon heating means disappearing or turning into air.

The three course instructors commonly use clicker questions as part of instruction.
Thus, students are familiar with clickers from the second day of class onwards, since they
are required for the course. However, in this study, the creation of clicker questions that
specifically target the common incorrect ideas held by students in the sample constitute
the small classroom intervention. Without the TMI results, instructors would not have
used these particular clicker questions. The questions included modified items from the
TMI as well as new multiple-choice questions (See Appendix D for sample items).
Student responses to clicker questions constituted 10% of the final course grade.
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The course instructors and two graduate chemistry students created the set of
questions used in the intervention. A timeline including the weeks for each set of clicker
questions was created as shown in Table 5.2. Before any formal instruction of the concept
was provided, a set of clicker questions was projected while students selected a response.
Once instruction of the concept was provided, another set of questions was given to the
students, only this time the questions were followed by a short discussion of each popular
response option.
Concept
Bond Energy
Ionic Bonding
Phase Changes

Table 5.2. Timeline for clicker questions
Pre-instruction
Post-Instruction
th
5 week
8th week
9th week
12th week
14th week
16th week

A total of three individual meetings were conducted with each course instructor.
The purposes of these meetings were first to discuss student responses to the TMI, second
to create the clicker questions used in the classroom intervention, and third to discuss the
overall student performance on the clicker and exam questions. These meetings were not
recorded but extensive notes were taken to gather instructors’ insights.
To examine whether the small intervention helped student understanding of the
chemistry concepts, data from the TMI instrument, clicker and exam questions were
merged and analyzed as pre and post instructional assessments for each course instructor.
Only students with complete sets of data (TMI, clicker, and exam questions) were
included in this part of the analysis. Information about the missing data for each
instructor is included in Appendix D.
instructors and participants. Two course instructors chose to take action and
agreed to participate in the small intervention. Instructor I is a senior chemistry instructor
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with a doctoral degree in chemical engineering. This instructor has ten years of
experience teaching at the institution where the study took place. Instructor II is a visiting
professor with a doctorate degree in chemistry. This instructor has experience with
chemistry education research, and taught a preparatory chemistry and a general chemistry
course for one year at the institution where this study took place. While having less
teaching experience, this instructor had an excellent working relationship with the
Department of Chemistry, and an understanding of the program based on a history of
work in the Department.
A total of 189 students were enrolled in Instructor I’s section. However, only 70
and 105 students respectively had complete sets of responses for Bond Energy and Ionic
Bonding questions, which is indicative of the fact that not all students attend each class
session. Regardless, demographics of the students with complete set of responses are
reasonably representative of the overall sample described under Participants and Data
Collection. The SAT verbal and SAT math averages are 520 and 539, respectively, for
students responding to the Bond Energy questions, and 523 and 545 for students
responding to the Ionic Bonding questions (see Table A.18 for details). Student
classification is unevenly distributed with 64% sophomores and 23% juniors responding
to Bond Energy questions, and 58% sophomores and 24% juniors responding to Ionic
Bonding questions. Both groups have about 50% of students reporting to be of White
race/ethnicity, and around 30% underrepresented minority students (see Table A.19 for
details). These two groups of students contain 67% and 62% females for Bond Energy
and Ionic Bonding, respectively, which is slightly larger than the 56% reported for the
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overall sample (N=682), but otherwise the demographics are very similar to the overall
sample.
Demographics of Instructor’II cohort of students are also representative of the
overall sample. The SAT verbal and SAT math averages are 528 and 552, respectively,
for students responding to the Phase Changes questions, and 539 and 545 for students
responding to the Ionic Bonding questions (see Table A.20 for details). Student
classification is unevenly distributed as well with 63% sophomores and 15% juniors
responding to Phase Changes questions, and 65% sophomores and 12% juniors
responding to Ionic Bonding questions. Both groups have about 50% of students
reporting to be of White race/ethnicity, and around 30% underrepresented minority
students (see Table A.21 for details). These two groups of students contain 53% and 49%
females for Phase Changes and Ionic Bonding, respectively, which is close to the 56%
reported for the overall sample (N=682). In general, demographics are very similar to the
overall sample. (Detailed information about these cohorts of students is provided in
Appendix D).
Results
Descriptive statistics. For the 682 students with complete sets of data, the items
mean scores range from 0.21 to 0.66, and standard deviations range from 0.40 to 0.50.
Descriptive statistics including the item mean with standard deviation, the concept score,
and the overall mean for the nine items are shown in Table 5.3 (See Appendix D for
overall mean). The item mean is the same as the percentage of students who answered
the item correctly. For instance, the item mean of .21 for Item 2 indicates that only 21%
of the students answered that item correctly. The concept score is the number of items
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correct (out of 3 possible correct items) for that concept. For example, the concept score
for Bond Energy was .73, demonstrating that most students did not get even one of the
three items correct. Overall, the low item means and concept scores suggest a poor
understanding of the three chemistry concepts.
Table 5.3. Summary of item means, and standard deviations for the three measured
concepts (N=682)
Item Mean (SD)
Concept
Concept Score: .73
Bond Energy
Item 2
0.21 (.40)
Item 4
0.28 (.45)
Item 9
0.24 (.43)
Ionic Bonding
Concept Score: .80
Item 3
0.21 (.41)
Item 6
0.24 (.43)
Item 8
0.35 (.48)
Concept Score: 1.6
Phase Changes
Item 1
0.44 (.50)
Item 5
0.48 (.50)
Item 7
0.66 (.48)
Psychometric Analysis
Reliability and validity. The reliability of the TMI instrument scores was
examined using Cronbach’s alpha estimates. A Cronbach’s alpha of .52 is obtained when
students’ responses for the 18 questions are considered (See Appendix D), which is
below the usual benchmark of .7 (Murphy & Davidshofer, 2005). However, splitting the
instrument into its three suggested factors resulted in higher reliability coefficients for
Bond Energy (α=.70) and Phase Changes (α=.60), which supports the idea that these are
distinct concepts within the instrument. Unfortunately, a low coefficient was produced
for Ionic Bonding concept (α=.37). Overall, these reliability investigations suggest that
student responses are consistent for Bond Energy and Phase Changes but that Ionic
Bonding items should be further revised before making any claims beyond the item level.
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Cronbach’s alpha coefficient indicates how well the item scores are correlating
with each other and with the item-total score. Therefore, one possible reason for the low
coefficient (α=.37) produced for Ionic Bonding is that the parallel structure of the items
included in the reasoning part was not as strong as for the other two concepts. For
example, one of the three reasoning questions was a representation of ionic and covalent
bonds using a diagram with multiple circles (See Appendix D). Although these
representations imply the same incorrect ideas stated in the other two reasoning
questions, the format of this particular question might have prompted students to respond
differently, decreasing the value of the alpha coefficient.
Since a three-factor structure was proposed, and the sample size is large (Gagné &
Hancock, 2006; McCallum, 1999), a confirmatory factor analysis (CFA) was performed
on a first-order model with three latent factors that were allowed to correlate. According
to the proposed model items 2, 4, and 9 were set to load on factor “Bond Energy” only;
items 3, 6, and 8 were set to load on factor “Ionic Bonding” only, and items 1, 5, and 7
were set to load on factor “Phase Changes” only. Model fit statistics indicate that the
values of CFI and WRMR are within the cutoffs for good fit (See Table 5.4). However,
CFA factor loadings showed non-significant values for the Ionic Bonding concept,
suggesting once again that items in this scale need attention. Loadings and cutoffs are
shown in the Appendix D.
Table 5.4. Chi-square test of model for the three-factor solution confirmatory factor
analysis (N=682)
2
χ
df
p
CFI
WRMR
28
21
.15
.98
.78
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Common Incorrect Ideas
Even though the instrument is not yet optimal, the TMI can still provide useful
information about students’ thinking. Therefore, student answers to the second tier of
each item were examined to identify patterns. The percentage of students who
consistently selected the correct idea, and the percentage who consistently selected an
incorrect idea for the three concepts are shown in Table 5.5. Having an incorrect idea
means that students consistently selected the same incorrect idea (distractor) in all three
questions as their reasoning for the answer. Detailed information, including statements of
the correct ideas as well as the percentages for each incorrect idea per concept, is
included in Appendix D.
Table 5.5. Incorrect ideas about Bond Energy, Ionic Bonding, and Phase Changes
concepts (N=682)
% of students
Concept
% of students
Incorrect Idea
with incorrect
with correct
ideaa
idea
Bond Energy
6
Bond formation requires energy.
10
Ionic Bonding
3
An ionic compound involves
4
direct transfer of one or more
electrons from one atom to
another.
Phase Changes
24
Adding heat would separate water
5
molecules into hydrogen and
oxygen gases.
a
Percentage of students choosing incorrect ideas is above the guessing value of 1.6% for
the three four-option questions.
Bond energy and phase changes concepts. As shown in Table 5.5, for the
concept of Bond Energy the most common incorrect idea is Bond formation requires
energy with 10% of the students selecting this option. For Phase Changes, the most
common incorrect idea is Adding heat would separate water molecules into hydrogen and
oxygen gases with 5% of the students choosing this idea across the three items. On the
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other hand, when comparing the percentage of students with the correct idea, it is evident
that students were more consistent when answering questions about Phase Changes.
Although a small percentage of students is selecting the same incorrect idea across the
three questions, a larger percentage (24%) is consistently providing the correct response.
However, only 6% of the students are consistently selecting the correct answer for the
Bond Energy concept. The incorrect idea was more prevalent than the correct one!
Although for both concepts the majority of students are answering inconsistently, the
difference in the consistent responses suggests that students have a better understanding
of Phase Changes as compared to Bond Energy concept.
Ionic bonding concept. Using the parallel structure approach, the common
incorrect idea found for Ionic Bonding concept was An ionic compound involves direct
transfer of one or more electrons from one atom to another with 4% of the students
consistently selecting this option. However, the CFA results and the Cronbach’s alpha
coefficient indicate that the Ionic Bonding concept is not functioning as intended. Based
on the reliability and validity evidence, the safer way to interpret student responses for
the Ionic Bonding concept is to follow their performance on individual items. A guessing
value cutoff of 25% was calculated as described by Heredia, et al. (Heredia, Xu, &
Lewis, 2012), and used to identify Ionic Bonding incorrect ideas. The observed
percentage of students selecting an incorrect idea in the reasoning tier is then compared
with the guessing value cutoff for the particular question.
The item level analysis (Table 5.6) for the Ionic Bonding concept supported that
the most common incorrect idea is An ionic compound involves direct transfer of one or
more electrons from one atom to another (with 38%, 45%, and 28% of student responses
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for each of the three items, respectively). However, another popular choice is An ionic
bond involves the sharing of electrons between two atoms selected for item 3 and item 6.
This incorrect idea was less popular for Item 8, which included a diagram representation
of ionic and covalent bonds. This selection reinforces our idea that the items’ parallel
structure for Ionic Bonding concept was not very strong. While the use of representations
has shown to improve learning (Bunce & Gabel, 2002), in this case having a diagram for
only one of the items may have prompted students in a different way, resulting in
inconsistent responses.
Table 5.6. Percentage of students selecting incorrect ideas about Ionic Bonding concept
Incorrect Idea (N=682)
% of Students
Item 3
Item 6
Item 8
An ionic compound involves direct transfer of
one or more electrons from one atom to
38
45
28
another.
An ionic bond involves the sharing of
25
24
15
electrons between two atoms.
A lattice consists of covalently bonded atoms.
a

16

8

22

Guessing value (25%) was calculated based on 4 options per item (1/4). Concept mean: .80

Collectively, these results suggest that student understanding of the three concepts
is poor at the beginning of their college general chemistry course. Students particularly
lack understanding of the Ionic Bonding and Bond Energy concepts. Therefore, the next
logical step is to further examine student performance at another time in the curriculum.
Implementation of the Classroom Intervention
After discussing the TMI results, instructors were surprised about the extremely
low performance of students. They clearly expected students to perform better on
questions related to the foundational chemistry concepts measured by the TMI. At
individual meetings, instructors expressed their concern about students not taking the
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exam seriously, and were optimistic that performance would be better if students were
assessed in the classroom. Two instructors chose to take action. However, both
instructors expressed that it would be too difficult to focus on all three concepts, given
the time constraints of the curriculum; instead, each chose the topics of most concern
personally. Based on the TMI results and their perceptions of curricular needs, instructors
decided to give pre-instruction and post-instruction clicker questions for either Phase
Changes or Bond Energy, and to use post-instruction questions for Ionic Bonding.
While both instructors decided to use clicker and exam questions, their approaches
were different. As shown in Table 5.7, the instructors did not follow exactly the original
timeline as planned (Table 5.2). For example, Instructor I gave Bond Energy questions
well before instruction on that concept was provided, but waited until close to the end of
the semester to probe students again with similar questions. Instructor II, however, gave
questions related to Phase Changes right before instruction on that concept, and then
again just a week after instruction was provided. Regardless of the instructional design,
instructors’ interest in addressing student incorrect ideas allowed us to examine student
performance at three different times in the curriculum: pre-instruction, post-instruction,
and end-of-chapter exam.
Table 5.7. Timeline followed for clicker questions
Concept
Instructor I
Instructor II
Pre-instruction Post-Instruction Pre-Instruction Post-Instruction
Bond Energy
5th week
12th week
Ionic Bonding
12th week
16th week
Phase Changes
15th week
16th week
Note. The Targeted Misconception Inventory (TMI) was given the 2nd week of classes
Instructor I. This instructor gave two pre-instruction and three post-instruction
Bond Energy questions, as well as three post-instruction Ionic Bonding questions. No
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pre-instruction questions were given for the Ionic Bonding concept. However, student
responses were still examined to see if regular instruction (without pre-instruction
questions) helped to improve understanding of the concept. Additionally, a Bond Energy
question was included in one of the four midterm exams.
The administration of the TMI during the second week of classes revealed that
students had a poor understanding of the Bond Energy concept. As shown in Table 5.8.1,
the average concept score for this group of students on the TMI was .94 out of 3, or 31%.
Table 5.8.1. Percentile Score for the Targeted Misconception Inventory (TMI) and the inclass questions: Instructor I
Concept

TMI
Pre-Questions Post-Questions
Exam
2 tier
a
No. of questions
3
2
3
1
Bond Energyb
Concept Score Concept Score Concept Score Concept Score
n=70
.94
.53
2.6
.80
c
Correct
31%
27%
88%
80%
No. of questions
3
3
Ionic Bonding Concept Score
Concept Score
n=105
.86
1.2
Correctc
29%
42%
a
Guessing value cutoff for 1, 2, and 3, questions is 25%, 6.3%, and 1.6% respectively.
b
Concept score is the sum of each question mean. cCorrect is the concept score divided by
the maximum points.
nd

As part of the small intervention, pre-instruction questions were given during the
fifth week of classes. The average concept score for the pre-instruction questions was .53
out of 2, or 27%, supporting that students do have a hard time responding to questions
about the concept of Bond Energy. Recall that the instructors believed that students
would do better during class, where points were on the line. The fact that they did not
indicates that the TMI did a reasonable job in identifying student lack of knowledge of
the Bond Energy concept.
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During week twelve (see Table 5.7), students were tested again with similar
questions, to examine if the explicit instruction that followed the pre-instruction questions
given on week five had helped them to understand the concept of Bond Energy (see
Appendix D for sample items). The average concept score for the post-instruction
questions was 88%, which is considerably higher than the 27% reported for the preinstruction questions. This improved performance was also extended to the end-ofchapter exam, where most of these students (80%) selected the correct answer. The
marked difference in the percentage of students selecting the correct response after
explicit instruction was provided, suggests that their understanding of the Bond Energy
concept was improved.
Pre-instruction questions were given for the concept of Bond Energy but not for
Ionic Bonding. Regardless, student responses were examined to determine if regular
instruction (without pre-instruction questions) improved understanding of the Ionic
Bonding concept. The percentile score for the post-instruction questions was 42%,
revealing that more than half of the students were still confused about this concept even
after instruction was provided. Results from the Ionic Bonding questions suggest that
regular instruction did not help student understanding, and reinforce the importance of
having functioning items for this concept on the TMI.
To further examine student responses, the percentage of students consistently
selecting the correct response on the TMI and the in-class questions was examined (Table
5.8.2). A total of 11% and 16% of the students consistently selected the correct answer
for the TMI and pre-instruction questions respectively. These results suggest that students
were not consistent when selecting a response, and confirm student lack of knowledge of
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the Bond Energy concept. However, a total of 71% of the students consistently selected
the correct response for the post-instruction questions. In other words, students not only
improved their performance, they were also consistently selecting the correct responses
for all three post-instruction questions. Student consistency in selecting the correct
answers for the in-class questions also supports that the understanding of the Bond
Energy concept was improved after instruction of the concept was provided.
Table 5.8.2. Percentage of students consistently selecting the correct answer for the
Targeted Misconception Inventory (TMI) and the in-class questions: Instructor I
Concept
No. of questionsa
Bond Energy (n=70)
Consistently Correct
No. of questions
Ionic Bonding (n=105)
Consistently Correct
a

TMI
2nd tier
3

Pre-Questions

Post-Questions

2

3

11%
3

16%
-

71%
3

3%

-

5%

Guessing value cutoff for 1, 2, and 3, questions is 25%, 6.3%, and 1.6% respectively.

The consistency of the student responses was also examined for the concept of
Ionic Bonding. Only 5% of the students consistently selected the correct response. These
results suggest that normal instruction did not improve student understanding of this
concept. While, psychometric evidence suggested that the Ionic Bonding scale was not
functioning well, poor performance on in-class questions indicates that students do have a
problem with this concept. Therefore, modifications of the Ionic Bonding items are
crucial to assess student understanding, and create instructional interventions that can
target student incorrect ideas about this concept.
After sharing the results with Instructor I, it was very evident that this instructor
believes that student understanding of the concept of Bond Energy was improved after
instruction was provided. Instructor I referred to the higher average percentage correct as
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proof that the students did understand the concept. This instructor also pointed out that a
similar result was found for the exam, and expressed that the 8% difference could be due
to test-taking stress. While looking at Table 5.8.2 about consistency, Instructor I stated,
that asking questions using different contexts did not confuse the students, which to her
indicated solid understanding. On the other hand, Instructor I believes that it is very hard
to determine if student understanding of Ionic Bond concept was improved, and
expressed willingness to administer a modified version of the TMI instrument with a
functioning Ionic Bonding scale.
Instructor II. This instructor chose to give two pre-instruction and two postinstruction Phase Changes questions, as well as two post-instruction Ionic Bonding
questions. Her students also had an additional Phase Changes question included in one of
the four midterm exams. Results for the students with complete sets of data are presented
in Table 5.9.1 and 5.9.2.
Table 5.9.1. Percentile Score for the Targeted Misconception Inventory (TMI) and the in-class questions:
Instructor II
Pre Questions

Post Questions

Exam

No. of questionsa
Phase Changes
(n=80)
Correctc

TMI
2nd tier
3
Concept Scoreb
1.6
56%

2
Concept Score
1.6
84%

2
Concept Score
1.7
86%

1
Concept
Score .88
88%

No. of questions

3

-

2

-

Ionic Bonding
(n=65)
Correct

Concept Score 1.0

-

-

34%

-

Concept Score
1.2
63%

Concept

-

a

Guessing value cutoff for 1, 2, and 3, questions is 25%, 6.3%, and 1.6% respectively. b Concept
score is the sum of each question mean. c Correct is the concept score divided by the maximum
points.

During week fifteen of classes, students were asked about the concept of Phase
Changes (Table 5.7). As shown on Table 5.9.1, the percentile score for the TMI questions
is 56% while for the pre-instruction is 84%. Looking at these results, it is evident that
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students are performing better on pre-instruction questions even before formal instruction
of the concept of Phase Changes was provided.
First, it is important to note that, as compared to the other two concepts, Bond
Energy (~30%) and Ionic Bonding (~30%), student understanding of Phase Changes was
already relatively good at 56% on the TMI. Second, the Phase Changes pre-instruction
questions were given during week fifteen, just one week before the end of the semester,
and there is a high chance that the concept of Phase Changes was embedded in other
concepts taught during lecture and laboratory throughout the semester. It must also be
acknowledged that one reason for the improvement could also be that students did not put
much effort into answering the TMI questions. Students were given 20 points, less than
1% of the course grade, for simply taking the TMI diagnostic test at the beginning of the
semester. On the other hand, in-class questions contributed 10% of the course grade over
the semester and were a well-established method of earning points by week fifteen. As a
result, the instructors expected that students would try harder to answer in-class questions
compared to the TMI questions. In the case of Bond Energy questions, given by
Instructor I, the average percent correct did not increase between the TMI and the preinstruction questions. In that case, it was clear that students did have a problem
understanding the concept. However, when students were asked to answer questions
about Phase Changes, during class, an increase in the percentile score was noticed, so the
TMI may or may not have indicated a problem. Regardless, the high percentile score for
the pre-instruction questions confirms that students had an acceptable understanding of
Phase Changes before formal instruction of this concept was provided.
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While students demonstrated some understanding of the Phase Changes concept
before instruction, their responses for the post-instruction and exam questions were
examined to determine if instruction further improved student performance. The
percentile score for the post-instruction questions is 86%, which is very close to the 84%
reported for the pre-instruction questions. A similar performance was noticed on the
exam question with a percentile score of 88%. These results highlight the importance of
early assessment of student knowledge, and the identification of specific problems
students may have before creating instructional interventions.
Results for the Ionic Bonding concept show that the percentile score for the TMI
is 34%, and for the post-instruction questions is 63%, revealing that almost half of the
students still have a poor understanding of this concept. In general, these results supports
that the next version of the TMI should include modified items of the Ionic Bonding
concept, which will allow instructors to create in-class questions that can be used as a
small intervention to further improve student understanding of this concept.
As shown in Table 5.9.2, the percentage of students consistently selecting the
correct answer for the pre-instruction Phase Changes questions is 69%, and for the postinstruction questions is 71%.
Table 5.9.2. Percentage of students consistently selecting the correct answer for the Targeted
Misconception Inventory (TMI) and the in-class questions: Instructor II
Concept
No. of questionsa
Phase Changes (n=80)
Consistently Correct
No. of questions

TMI
2nd tier

Pre Questions

Post Questions

3

2

2

21%
3

69%
-

71%
2

9%

-

34%

Ionic Bonding (n=65)
Consistently Correct
a

Guessing value cutoff for 1, 2, and 3, questions is 25%, 6.3%, and 1.6% respectively.
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These results support that students were consistent, and suggest good understanding of
this concept even before formal instruction was provided.
On the other hand, results for the Ionic Bonding concept suggest that students
were not consistent when selecting a response. A total of 9% of the students consistently
selected the correct answer for the TMI questions while 34% consistently selected the
correct response after instruction was provided. These results reinforce that students do
have a problem with this concept. Therefore, it is important that the Ionic Bonding
concept is included in the next version of the TMI but will not be necessary to include
items for the concept of Phase Changes.
Results for the Phase Changes and Ionic Bonding questions were shared with
Instructor II. A conversation with this instructor revealed that during a review session
given the first two days of classes, the concept of Phase Changes was discussed. While
looking at the syllabus and the textbook, Instructor II pointed out that the pre-instruction
questions were very similar to one specific section from the textbook covered during the
review session. Instructor II explained that although the concept of Phase Changes is
discussed in more depth during the last weeks of the semester, it is expected that students
have a basic understanding of the concept by the end of the first week of classes.
Instructor II further added that student exposure to the online homework and the
chemistry laboratory might have also helped them to understand the concept better.
Instructor II also discussed the fact that Phase Changes is less abstract than other
chemistry concepts allowing middle and high school teachers to discuss it in their
classrooms. This instructor also indicated that the exam was only two days after the postinstruction questions, providing an additional reason why the results for the post83

instruction and exam are also very similar. Instructor II concluded by stating that the
concept of Ionic Bonding is very difficult for the students, and indicated that rather than
having a small intervention for the concept of Phase Changes, an instructional
intervention that focuses on Ionic Bonding is by far much needed.
Conclusions
The purposes of this study were to design a multiple-choice diagnostic test, to
identify student common incorrect ideas, and to describe the impact of a small
intervention on addressing those ideas. Psychometric evidence of the instrument’s scores
was examined to determine if the Targeted Misconception Inventory (TMI) instrument
was functioning as it was designed to function. Validity and reliability analyses
determined that student responses for Bond Energy and Phase Changes scales were
consistent, but that no claims beyond item level for the Ionic Bonding scale can be made.
However, the instrument parallel structure allowed us to identify common incorrect ideas
of the three measured concepts, Bond Energy, Phase Changes, and Ionic Bonding. These
three common incorrect ideas were Bond formation requires energy; An ionic compound
involves direct transfer of one or more electrons from one atom to another; Adding heat
would separate water molecules into hydrogen and oxygen gases respectively. The used
of the parallel structure, combined with multiple two-tier items to measure for the same
concept, gave greater certainty that students were attracted to a particular incorrect idea,
and that their responses were not due to a momentary distraction. Student responses to
the TMI supplied information about their understanding of the specific chemistry
concepts, which was used to develop a small instructional intervention. Results from the
small intervention revealed that student performance on the Bond Energy concept was
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improved after explicit instruction was provided with no changes for the concept of Phase
Changes. Findings from this intervention also suggested that Ionic Bonding items should
be revised and included in a new version of the TMI.
One of the limitations of this study includes using a low stakes exam to identify
student incorrect ideas. While the TMI was given under similar conditions as the regular
course exams, students were aware that it was a low stakes exam. This is often a problem
since it can influence students’ motivation to think harder and perform well. However,
findings from pre-instruction questions confirmed that the TMI did a fairly good job in
identifying student problems within the three chemistry concepts. Another limitation is
the use of a small classroom intervention. Future work should include the use of
additional instructional interventions to target student incorrect ideas. Another option is
to also administer the TMI diagnostic test towards the end of a semester, to obtain
information about the students’ ability to overcome the incorrect ideas identified at the
beginning of the semester, and to see if student improvement is extended to the end of the
semester.
Moreover, this study suggests that more tightly and focus instruments can be used
as diagnostic tools to identify student problems with chemistry concepts at any point in
the curriculum. Because students drop out are often due to their difficulty with chemistry
concepts, this type of assessment can be easily administered early in a semester, to assess
student understanding of chemistry concepts. Instructors can then use this information to
create instructional interventions, and target student specific problems. Nevertheless,
having TMI like instruments are beneficial to practitioners and researchers providing a
measure for use in the improvement of student performance and retention issues.
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VI. Conclusions and Future Directions
This work emerged from the need to evaluate the effectiveness of instructional
reforms on fostering student engagement, positive attitudes, and content knowledge,
which have been shown to have an effect on the production of STEM graduates
(Business-Higher Education Forum, 2005, 2007; Springer, Stanne & Donovan, 1999;
Urban Institute, 2005). The main focus of this work was to use available assessment tools
to evaluate the impact of introductory college chemistry curriculum on successfully
cultivating positive student attitudes and improving student understanding of chemistry
concepts. To accomplish this task, multiple-choice instruments were used to assess
student attitudes and understanding about chemistry. Unfortunately, the lack of
psychometric evidence for the instruments’ scores did not allow us to make the
interpretations we anticipated from prior work, preventing us from using the scores as we
originally had planned. Therefore, the original focus was shifted to address two related
and pressing issues in the field of chemistry education research: the need for wellcharacterized assessments and the lack of reported psychometric information regarding
instrument scores.
The major impact of this dissertation is to the improvement of quantitative
measures for use in introductory college chemistry courses, which stems from its
contribution in the area of psychometric analysis. Each of the three case studies discussed
in this dissertation utilized psychometric data to provide specific ways of improving
existing instruments used in the field of chemistry education research. Three approaches
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were used to support more meaningful score interpretation: (1) the elimination of
irrelevant items, (2) the use of a cutoff based on the potential for guessing associated with
a given item, and (3) the construction of new items to extensively revise an existing
instrument. To improve score interpretation in case study one, items within the
instrument’s factors were examined to determine their relation to theory. Irrelevant items
were eliminated, and only the factors that best aligned with the theory were used to create
shorter instruments that captured a specific attitudinal predictor. In case study two,
instead of consistently using a specific arbitrary cutoff to identify alternative conceptions
about chemistry concepts, a variable percentage based on the chance of guessing the
correct response for a given item was calculated. This cutoff was then used to interpret
student responses on the instrument’s items and to identify common alternative
conceptions. The implementation of the cutoff provided additional assurance that the
identified response patterns were common alternative conceptions and not random
guessing, and supported examination of the effectiveness of prior instruction. For case
study three, existing items were modified, but new items were also developed and used to
probe for the same incorrect ideas about chemistry concepts. The use of multiple items
provided significant information regarding the prevalence of student incorrect ideas,
which allowed the creation of an instructional intervention to address those ideas. In
general, the three cases represent three distinct approaches to improve assessments,
which may be used as models by researchers to refine an instrument or practitioners to
select and interpret an appropriate instrument.
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Relevance of The Work Presented
Our original idea of using available instruments to evaluate the impact of a
college chemistry curriculum on successfully fostering student positive attitudes and
content knowledge depended greatly on the quality of the instruments. Findings from the
three case studies reveal that selecting an instrument, giving it, and implementing
changes in the curriculum requires many steps. All three studies showed how difficult is
for instructors to use currently available instruments to plan an instructional intervention.
In the first study, we found that time for modifications and testing of the resulting
instruments was significantly greater than expected. Ultimately, we were unable to
directly use the attitudinal instrument in the classroom to inform instruction about student
attitudes toward chemistry. Similarly to our first study, in case study two, we were also
unable to use the test scores as suggested by the test developer. An alternative approach
was used instead to interpret student response patterns. Unfortunately, interpretations
based on student performance on individual items did not provide compelling
information for instructors to feel confident in designing an instructional intervention. It
was not until case study three that we were able to use an instrument to make changes in
the curriculum. Even though the instrument could be refined, the design of the
instrument, using multiple items to probe for the same incorrect ideas, produced scores
that were sufficiently convincing for two instructors to make small changes in their
curriculum. Findings from these studies highlight the need of pilot testing an instrument
every time is used with a new sample, and possibly revising it to achieve a desired
research or teaching goal. Furthermore, researchers and practitioners should not expect to
use an instrument and immediately have sufficient information to modify instruction.
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From the combination of the three studies, we learned that multiple semesters might be
required to test an instrument and to interpret the results before attempting to create an
instructional intervention.
Findings from the three studies support that short, focused, multiple-choice
instruments can be practical for use in real classrooms in which instructors are
constrained by a relatively inflexible chemistry curriculum and a large course-taking
population. Results support the idea that shorter instruments provide higher response
rates and can be used multiple times in the curriculum to assess students. As described in
case study one, smaller instruments are more likely to be completed than longer ones. In
this study, we were able to obtain a better response rate when the single scale instruments
were tested compared to the response rate obtained for the original 50-item instrument.
Case studies two and three benefited from the findings of the first case study by
beginning with relatively short instruments. Focus was also found to be important.
Instruments that are too broad cannot provide specific information critical in the creation
of instructional strategies, as described in case study two. On the other hand, when a
more-tightly-focused instrument was used in the third case study, information regarding
student chemistry knowledge was obtained and used to implement an instructional
intervention. Case studies two and three together revealed the importance of creating
assessment tools that not only identify problems in the curriculum but can also provide
information regarding instructional strategies needed to correct those problems.
Instruments that contain a well-defined structure to support clear score interpretation may
be used at the appropriate time in the curriculum to assess students, and to prompt
modification of instruction. In general, findings from the three case studies revealed the
89

utility of short, focused multiple-choice instruments that are carefully designed to assess
student attitudes and knowledge about chemistry at the right time in the curriculum.
In order to make valid interpretations of instrument scores, the chemistry
education researcher and practitioner communities need to understand the quality of
psychometric evidence associated with the instruments they want to use. Gathering and
reporting psychometric evidence is the responsibility of not only the test developer but
also the test user, and both play an important role in ensuring that the evidence is
collected over time and in different contexts. Findings from the three case studies
underscored the importance of pilot testing an instrument and gathering psychometric
evidence with the intended population. The three case studies utilized psychometric data
to improve score interpretation of existing instruments. All three case studies added
significant information to the psychometric evidence available for existing instruments.
In each study, validity evidence based on internal structure and reliability was
consistently reported for the instruments’ scores, and interpretations were made based on
the quality of that evidence. For example, initially we were unable to simultaneously
measure all the proposed factors intended in case study one. After evaluating the gathered
psychometric evidence, we were able to propose a factor model that measured three
scales simultaneously, as well as the use of some of the single scales as stand-alone
instruments. In case study two, a lack of psychometric evidence forced interpretations of
the student responses only at the level of each individual item. By case study three,
psychometric evidence could support that three distinct chemistry concepts were
measured. While one out of the three concepts described in case study three had to be
interpreted at the item level, interpretations based on a subscale score were possible for
90

the other two chemistry concepts. Findings from these case studies collectively suggest
that we cannot wait until all possible psychometric evidence is gathered to start doing
research or conducting classroom assessments. In order for the chemistry education
community to move forward, we need to continue gathering and reporting psychometric
evidence and contributing to a growing pool of evidence in support of valid score
interpretations. In general, although there are many ways of gathering evidence of
validity and reliability, other researchers should be able to use the three case studies
described here as models for their own work, not only for the three specific instruments
but also for future studies that may require adjustments based on psychometric
investigations.
Future Projects Suggested by This Work
While this work provided evidence based on internal structure, such as
confirmatory factor analysis for each of the instruments’ scores, more validity evidence is
still needed. For example, evidence based on response processes may be gathered. This
evidence is often achieved through detailed interviews, or from collecting open-ended
rather than only forced-choice responses. Determining whether students are thinking
about an item in the way their score for that item will be interpreted is critical to making a
robust argument for score interpretation. Evidence based on response processes is the
accepted way to collect that information. All of the score interpretation within this
dissertation would have benefited from this type of evidence. Specific students’ ideas
regarding chemistry concepts covered in college general chemistry were identified in this
work; however, in the absence of interviews we were unable to examine the robustness of
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these ideas. Future studies may use student interviews or open response items to provide
insights about the student thinking process when answering chemistry questions.
This work may also benefit from adding evidence based on test content. This type
of evidence is typically established by having a panel of content experts reviewing the
items and determining if they sample the intended domain. The panel may examine the
relationship between the items in the proposed factor models to the intended affective
construct or chemistry concept. For example, in case study one, a panel of experts on
different theories of attitude might have examined how well the items in the proposed
three-factor model and the items in the single scale instruments related to the intended
attitudinal predictor. Another example would be to have had a panel of experts reviewing
the proposed TMI items to determine whether the items adequately sample the three
distinct concepts. Was each concept represented completely and correctly? Or was the
representation only partial?
Relation to other variables is another type of evidence that can be gathered in
future studies. These relationships are usually obtained by performing regressions or
correlations. For example, in case study one, one direction would be to use another
attitudinal instrument that also assesses student beliefs about chemistry and check to see
whether the scores are correlated. For two instruments intended to measure the same
construct a correlation analysis should support that relationship with a strong positive
correlation. In general, collecting psychometric evidence starts during the planning stages
of an instrument’s development and should continue after the instrument is available. The
collection of evidence before and after the instrument becomes available is imperative for
the researchers and practitioners who want to use instruments to create instructional
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interventions that can improve student outcomes. This work added significant
psychometric information regarding available instruments and provided three distinct
approaches that can be used to improve score interpretation of any instrument.
Addressing The Issue of Retention
High attrition rates in the disciplines of Science, Technology, Engineering, and
Math (STEM) is a concern for colleges and universities across the nation (Higher
Education Research Institute, 2010). Specifically, student persistence in introductory
college-level science courses is essential. Students need to successfully pass introductory
level courses before they can move into more advanced science courses and progress
toward science-related careers. Instructional strategies that are likely to positively impact
student persistence are therefore vital in order to be able to increase the number of STEM
graduates (Urban Institute, 2005; Evans 1999). To that end, we know that educational
programs increase student persistence by promoting positive attitudes and cognitive
knowledge (Springer, Stanne, & Donovan, 1999; Tinto, 1993). Therefore, the creation of
more instructional strategies that can promote favorable attitudes and academic
achievement in introductory college-level courses will be essential to increase the number
of students who stay in STEM-related disciplines.
This dissertation contributes to the area of psychometric analysis in order to
improve quantitative measures for use in introductory college chemistry courses. This
works adds significant psychometric information about existing instruments, and
provides three distinct approaches that can be used with any instrument if modifications
based on psychometric evidence are needed. But what does this mean for the issue of
retention? Having well-characterized instruments provides practitioners with tools that
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can be used to assess students at any time in the curriculum. The work described here
supports the notion that shorter and tighter instruments can be used in real life classrooms
to assess student conceptual understanding and attitudes toward the learning of chemistry.
Future studies may focus on using assessment tools to collect information regarding
student attitudes and understanding of specific chemistry concepts to inform instruction.
Assessment results can then be used to create instructional interventions that address
students’ specific needs. Using these results to implement instructional strategies that
promote positive attitudes as well as academic achievement will likely result in student
persistence in the course.
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Data Screening
A total of 418 students were surveyed in the initial study. However, after screening
the data 311 students’ responses were retained for analysis. The screening categories are
below.
A. Students with the wrong answer for item 31 = 36. (Item 31: “We use this item to
discard the survey of people who are not reading. Please select agree.”)
B. Students with missing items = 22. (Observations: students missing some random
items, not a pattern, not the last 10 items.)
C. Students with some sort of pattern = 35. (Observations: drawings of pictures such
as “Christmas tree”, and others.)
D. Students with missing data = 11. (Observations: Missing data included last 10
items from the back of the scantron form. We believe students did not flip the
page.)
E. Students not able to be identified as enrolled in the course = 3.
Demographics
This study took place in a large public research university in the southeastern
United States. The initial sample for this study included 24 sections of General Chemistry
I Laboratory. As shown in Table A.1, a little over half of the students are female.
Students are unevenly distributed by race/ethnicity, but there is a sizeable number
(~30%) of underrepresented minority students. This diverse sample is typical of the
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student population taking general chemistry at the university where this study was
conducted.
As shown in Table A.2, the SAT verbal and SAT math averages are 548.81 and
562.15 respectively. A total of 50 students (16%) did not have SAT scores. Half of the
students (49.5%) in this sample are in their first year.
Three-Factor Solution Model
Since a CFA using a 9-factor model solution was not produced due the
overlapping of the items, the next step was to identify which scales are unique. Scales (1)
Personal Interest, (4) Problem Solving: Confidence, (7) Conceptual Connections, and (9)
Atomic-Molecular Perspective of Chemistry included unique items, that is, considering
all the scales, the items included in these four scales were not in any other scale (see
Table 3.1 on the manuscript). A 4-factor model CFA was initiated. CFA results showed a
lack of model fit. The 4-factor solution model showed a factor correlation between
Problem Solving Confidence and Conceptual Connections of .930. This suggests that
these two factors are highly correlated, and thus, one of them is redundant. Therefore,
information collected from both scales is unnecessary, and one scale should be
eliminated. As shown in Table A.3, a 3-factor model without the scale Conceptual
Connections was initiated. The decision to remove this scale rather than the other was
related to the desired object of measurement rather than to any psychometric information.
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Single Scale Investigations
After evaluating the psychometric properties of the CLASS instrument, and based
on the positive factor analysis results for single scales, another option with CLASS is to
mine it for shorter instruments. After examining the behavior/beliefs distinction for each
of the single scales, the scales Conceptual Learning and Sense Making/Effort were
considered to have the “best fit” with Fishbein’s theory of attitude. Therefore, these
scales were chosen to give as single scales during peer-led sessions associated with
General Chemistry I. The sessions are described elsewhere in this Journal.1 Students’
demographics in this sample are similar to the original sample of 311 students. Due to
enrollment pressures for the laboratory, many students take laboratory and lecture in
different semesters, but it should be noted that this sample may include some students
from the original sample.
As shown in Tables A.4 and A.5, items included in Conceptual Learning mainly
reflect students’ beliefs about chemistry, and items in Sense Making/Effort are mainly
related to students’ behaviors when learning chemistry. However, items 5 and 8 in the
Sense Making/Effort scale can be interpreted either way (e.g., Item 5, “Spending a lot of
time understanding where mathematical formulas come from is a waste of time” seems to
be probing for a belief about a behavior). CFA results suggest modifications of this scale,
which, if theory-guided, may both bring the scale into greater alignment with Fishbein’s
distinction and improve the model fit.
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The negative loadings in the Sense Making/Effort scale signify only that those items were
negatively stated, while the others were positively stated. For the Conceptual Learning
scale, every item was negatively stated, so the sign of the loading is the same for all items
(Lewis & Lewis, 2005).
Table A.1. Demographics:
Number of students by sex and race/ethnicity (N=311)
Initial Sample Spring 2009
Male

132 (42.4%)

Female

179 (57.6%)

White (Not of Hispanic Origin)

178 (57.2%)

Hispanic

64 (20.6%)

Asian or Pacific Islander

33 (10.6%)

Black (Not of Hispanic Origin)

26 (8.40%)

American Indian or Native Alaskan

1 (0.30%)

Ethnicity Specified as "Other"

4 (1.30%)

Ethnicity Unspecified

5 (1.60%)

Table A.2. Demographics: Academic Background (N=311)
Initial Sample
No.
Mean Standard Deviation
Spring 2009
of Students
SAT Verbal

261

548.81

72.58

SAT Math

261

562.15

66.94

Years in College

311

1.82

1.030
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Table A.3 CFA factor loading for the three-factor solution (N=311)
#
Statement
F1
F2
F3
Personal Interest (α=.76 )
4. I think about the chemistry I experience in everyday life
.632
13. I am not satisfied until I understand why something works
they way it does

.459

16. I study chemistry to learn knowledge that will be useful in
my life outside of school
28. I enjoy solving chemistry problems

.662

34. Learning chemistry changes my idea about how the world
works
36. Reasoning skills used to understand chemistry can be
helpful to me in everyday life

.697

Problem Solving Confidence (α=.55 )
18. If I get stuck on a chemistry problem on my first try, I
usually try to figure out a different way that works
19. Nearly everyone is capable of understanding chemistry if
they work at it
40. I can usually figure out a way to solve chemistry
problems
47. If I get stuck on a chemistry problem, there is no chance
I’ll figure it out on my own
Atomic-Molecular Perspective of Chemistry (α=.71 )
2. To understand a chemical reaction, I think about the
interactions between atoms and molecules
11. I think about how the atoms are arranged in a molecule to
help my understating of its behavior in chemical reactions
17. I can usually make sense of how two chemical react with
one another
29. When I see a chemical formula, I try to picture how the
atoms are arranged and connected
33. The arrangement of the atoms in a molecule determines
its behavior in chemical reactions
44. Thinking abut a molecule’s three-dimensional structure is
important for learning chemistry
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.660

.598

.333
.472
.679
.598

.647
.717
.507
.731
.219
.453
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Table A.4 CFA factor loading for the single scale Conceptual Learning (N=178)
#
1.
2.

a

Loading
.527
.397

3.

Knowledge in chemistry consists of many disconnected topics.

.359

4.

If I have not memorized the chemical behavior needed to answer a
question on an exam, there's nothing much I can do (legally!) to figure out
the behavior.
If I don't remember a particular equation needed to solve a problem on an
exam, there's nothing much I can do (legally!) to come up with it.

.594

6.

If I want to apply a method used for solving one chemistry problem to
another problem, the problems must involve very similar situations.

.432

7.

If I get stuck on a chemistry problem, there is no chance I'll figure it out
on my own.

.503

5.

a

Statement (α= .68 )
A significant problem in learning chemistry is being able to memorize all
the information I need to know.
After I study a topic in chemistry and feel that I understand it, I have
difficulty solving problems on the same topic.

.587

All loadings are significant at p < .05

Table A.5 CFA factor loading for the single scale Sense Making/Effort (N=153)
#
Statement (α= .69 )
1. I am not satisfied until I understand why something works the way it does.
2. Why chemicals react the way they do does not usually make sense to me; I
just memorize what happens.
3. In doing a chemistry problem, if my calculation gives a result very different
from what I'd expect, I'd trust the calculation rather than going back through
the problem.
4. In chemistry, it is important for me to make sense out of mathematical
formulas before I can use them correctly.
5. Spending a lot of time understanding where mathematical formulas come
from is a waste of time.
6. There are times I solve a chemistry problem more than one way to help my
understanding.
7. When I solve a chemistry problem, I explicitly think about which chemistry
ideas apply to the problem.
8. Spending a lot of time understanding why chemicals behave and react the
way they do is a waste of time.
9. When studying chemistry, I relate the important information to what I
already know rather than just memorizing it the way it is presented.
a
All loadings are significant at p < .05
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Loading
.264
-.362
-.208
.360
-.614
.366
.593
-.711
.450

Appendix B: Supplementary Information for Chapter IV
Course Description: Preparatory Chemistry
During Fall 2009, the Preparatory Chemistry syllabus comprised thirteen textbook
chapters (Tro, 2009) covering the following chemistry topics: matter, energy, atoms,
elements, molecules, compounds, chemical composition, chemical reactions, electrons in
atoms, chemical bonding, gases, liquids, solids, intermolecular forces, and solutions.
Students enrolled in the course during Fall 2009 met in a large lecture section three times
a week for 50 minutes. Additionally, students met weekly in smaller sections, supervised
by graduate teaching assistants, to complete an in-class activity known as an
“investigation.” These activities were written by the course instructor with the help of a
graduate teaching assistant.
Three groups within the study sample
A total of 364 students out of 725 were found to have taken Preparatory
Chemistry (and are identified as Group A). 361 out of 725 students had not taken the
Preparatory Chemistry course; however, 125 (34.6%) of them had registered in a
previous General Chemistry I course, while 236 (65.4%) had not. Therefore, 34.6% of the
students are re-taking General Chemistry I (and are defined as Group B, repeaters). The
other 65.4% of the students are taking General Chemistry I for the first time (and are
identified as Group C, first-timers). Since repeaters form a large portion of the sample, it
is better to keep them as a separate group, rather than combine groups B and C. Almost
all of the 125 repeaters took General Chemistry I very recently. A total of 107 repeaters
took the course during Fall 2009, while 18 repeaters took it during Spring 2009.
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The most recent obtained grade for the majority of these students from General
Chemistry I is C- or below, or a “W” (41 repeaters withdrew from the course during the
semester). Only 5 of the repeaters had originally achieved a course grade as high as C or
C+ despite deciding to retake the course. These results are as expected, because students
need a grade of C or above to proceed to more advanced chemistry courses. For the 364
students with Preparatory Chemistry (Group A), 333 students were enrolled in the
Preparatory Chemistry course during the Fall 2009 semester. Twenty-two were enrolled
either during Spring 2009 (N=11) or Fall 2008 (N=11). The other nine students took
Preparatory Chemistry more than two years ago. The latest obtained score from previous
Preparatory Chemistry is C or better for 350 students, and is C- or below including
withdrawals for only fourteen students. Due to the small number of repeaters (8.5%), this
group was not divided and was kept within Group A, and identified as with Preparatory
Chemistry.
For comparison purposes, demographic information is organized by group. Table
A.6 presents the sex and race/ethnicity for the three groups. In order to have a better
understanding about these three groups of students, a chi square (χ²) statistic is used. A
chi-square statistical analysis was first performed in SAS 9.1 to investigate whether the
distribution of students by sex is significantly different for these groups. Results showed
that the difference in the distribution is significant, χ² (2, N = 725) = 20.7, p < .01. A
second chi-square was performed to examine whether the differential distribution of the
students by race/ethnicity is significant. Results for this second analysis were also
significant, χ² (12, N = 725) = 52.2, p < .01.
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These results mean that students within these three groups are not distributed similarly
with respect to sex and race/ethnicity. The group of students with Preparatory Chemistry
is composed of more females (68%) than males (32%), and has fewer white students.
This group of students also has a more diverse population including a sizable number of
underrepresented minority students.
Table A.6. Demographics: Number of students by sex and race/ethnicity for each group (N = 725)
With Prep-Chem

Without Prep-Chem

(Group A: n = 364)
No.
students

Repeaters

First-timers

(Group B: n = 125)

(Group C: n = 236)

of Percentage No.
students

of Percentage No.
students

of Percentage

Sex
Female

248

68.1

68

54.4

119

50.4

Male

116

31.9

57

45.6

117

49.6

169

46.4

78

62.4

155

65.7

Hispanic

72

19.8

22

17.6

29

12.3

Black

62

17.0

77

5.6
5.6

21
21

8.9
8.9

52

14.3

13

10.4

12

5.1

American Indian or Native 3
Alaskan

.8

1

.8

3

1.3

Ethnicity Unspecified

1.4

4

3.2

13

5.5

.3

0

0

3

1.3

Race/Ethnicity
White
(Not of Hispanic Origin)

(Not of Hispanic Origin)
Asian or Pacific Islander

5

Ethnicity Specified as “Other” 1

Prior math achievement for this study consists of the score on the quantitative
portion of the SAT, which is available for the majority of students in each group.
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Table A.7 presents average SAT Math scores, which are 524, and 559, and 565 for
groups A, B, and C respectively. Levene's test found that the variances for each group are
not equal, which means an unmodified ANOVA is not a robust way to check for
differences among the groups. Therefore, a Welch test was performed (F (2, n = 576) =
22.6, p <.01) to establish difference. The follow-up Tukey test revealed that students
without Preparatory Chemistry have higher SAT Math scores than students with
Preparatory Chemistry, while there is no evidence that the average SAT Math score for
the repeaters and the first-timers is different.
Group

Table A.7 Demographics: SAT Math score for each group (N = 576)
n
Mean
Std
Skewness
Kurtosis
min

max

A. With Prep-Chem

321

524.2

57.4

0.32

0.70

340

710

B. Without: Repeaters

101

559.0

79.6

-0.54

0.20

310

720

C. Without: First-timers

154

565.3

75.3

-0.02

-0.32

380

760

Table A.8 shows student responses to a survey taken on the first day of General
Chemistry I. Overall, students without Preparatory Chemistry (Groups B and C) are in
their first and second year of college, and students with Preparatory Chemistry (Group A)
are mostly in their first year of college. In addition, students without Preparatory
Chemistry reported having Algebra and Pre-calculus as their highest level of math, while
students with Preparatory Chemistry reported having Algebra as their highest level of
math. This information shows that the three groups of students enrolled in General
Chemistry I are not the same with respect to their previous academic background.
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Table A.8 Demographics: Academic background a (N = 689)
With Prep-Chem
Without Prep-Chem
Category

st

B: Repeaters (n = 111)
st

C: First-timers (n = 224)

Year in
College

1 year
(n = 276, 78.0%)

1 year
(n = 46, 41.2%)

1st year
(n = 73, 32.6%)

High School
Chemistry

2 semesters
(n = 194, 54.8%)

2 semesters
(n = 57, 51.4%)

2 semesters
(n = 108, 48.2%)

Algebra/trigonometry
(n= 192, 54.2%)

Algebra/trigonometry
(n = 32, 28.8%),
pre-calculus
(n = 41, 36.9%)

Algebra/trigonometry
(n =76, 33.9%),
pre-calculus
(n = 66, 29.5%)

Highest Level
of Math
a

A: (n = 354)

the most frequent answer for items 1, 4, and 5 is provided. The survey items are

1. How many years (including this one) have you attended a college or university?
a) 1st year
b) 2nd year
c) 3rd year
d) 4th year
e) more than 4 years
4. How much chemistry did you have in high school?
a) No chemistry in high school b) 1 semester c) 2 semesters
d) 3-4 semesters e) 5 or more semesters
5. Which best describes the highest level of math you’ve completed?
a) I have not taken any math courses as advanced as algebra.
b) algebra and/or trigonometry c) pre-calculus d) calculus I e) calculus II

Factor Analysis
A confirmatory factor analysis (CFA) is useful to estimate how well the 2-concept
model for the instrument fits the data gathered with this sample. As is customary for noncontinuous data, a robust weighted least square mean and variance approach (WLSMV)
was employed to estimate goodness of fit model based on the tetrachoric correlation
matrix for the 10 items. In Mplus 5.2, CFA provides parameter estimates and factor
loadings as well as information about the misfit of the items. There are general rules to
estimate if the proposed model can be considered a good fit to the data. A non-significant
chi-square (p > .05) suggests an excellent model fit. However, models produced from a
large number of scores are likely to have an inflated chi-square value. Therefore,
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reporting just the chi-square value can be misleading, and additional fit statistics need to
be examined. For example, a Comparative Fit Index (CFI) of .95 or higher is often used.
The CFI compares the declared model with a baseline model in which none of the
items are related. The obtained CFI value then estimates how much better the proposed
model is. Additionally, for categorical data, to examine how close the proposed model is
to the data, a Weighted Root Mean Square Residual (WRMR) smaller than 1.0 indicates a
good fit (Brown, 2006). In addition, factor correlation and item loading are also important
for evaluating model fit. A high factor correlation indicates overlapping scales. This
means that the scales may be measuring the same thing, and some of the items are thus
redundant. Low item loadings also indicate that the variance in the items is not
represented well, and therefore, these items may be good candidates for revision or
elimination.
Before the analysis was performed, data sample size was checked to see if it was
within the suggested item to sample ratio for CFA. Researchers recommend a ratio of
five or ten respondents for every item for factor analysis. Since the Diagnostic Instrument
contains 10 items, a sample size of 679 safely exceeds the recommended respondent to
item ratio.
The estimation of the 2-factor model fit is: χ2 (N = 679, df = 28, p = .66) = 24,
CFI = 1.0, WRMR = .69. However, the factor loadings are quite low in many cases, and
the correlation between factors is .83, which suggests redundancy. Accordingly, a 1factor model was also investigated. For that model, χ2 (N = 679, df = 29, p = .63) = 25.8,
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CFI = 1.0, WRMR = .69, and the factor loadings are very similar to the 2-factor model.
For this particular data set, there is insufficient evidence to conclude that the instrument’s
two designed factors, particulate nature of matter and chemical bonding, are functioning
as discrete factors in the sample, so it is best not to use factor scores for interpretation.
ANCOVA analysis
Since the average SAT Math score for these three groups of students is
significantly different, and SAT Math score is known to have a strong correlation with
chemistry achievement in this setting, it is important to consider the students’ SAT Math
scores to make a fair comparison. To provide a close examination of the difference in
performance on the diagnostic instrument for the three groups, an ANCOVA analysis
was used to account for prior math achievement.
ANCOVA belongs to the category of multiple regressions and aims to examine
the relationship between a continuous outcome variable and a categorical predictor while
controlling for continuous predictors. By including the covariate in the regression model,
ANCOVA has the advantage of reducing the error term and increasing statistical power
to find a difference related to the grouping variable. It is useful when the primary interest
is in the categorical predictor, and the research question is whether there is a difference in
the means of groups.
Before beginning the analysis, the possible violations of assumptions for
ANCOVA were checked. These assumptions include those associated with general linear
regression methods. For example, one assumption is a linear correlation between the
dependent variable and the covariate, which can be examined in a visual way via a scatter
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plot. Moreover, ANCOVA assumes there is no interaction effect between the categorical
and continuous predictor, so this assumption also must be checked.
To determine whether group membership was associated with a difference in
performance on the Diagnostic Instrument, ANCOVA was performed in SAS 9.1, using
the GLM procedure with two independent variables. The continuous variable SAT Math
score, to control students’ prior math achievement, served as the covariate. The other is
the grouping variable, which has three levels, signifying membership in Group A, B, or
C. The dependent variable is the Diagnostic Instrument score. The distribution for each

Figure A.1: ANCOVA results of the Diagnostic Instrument for three groups when controlling for SAT Math
The unadjusted group mean scores for the diagnostic instrument are 2.81, 2.79 and 2.64 (left side), which are not significantly
different from each other. (These mean scores are slighly different from those in Table 2 because the ANCOVA is limited to students
with SAT scores.) The red line is for Group A (with prep-chem), the blue line for Group B (repeaters), and the green line is Group C
(first-timers). The means of SAT Math for the three groups are 525, 565, and 558 (vertical lines left side), and the grand mean of SAT
Math is 541 (vertical line right side). After controlling for SATM, the adjusted predicted means for the diagnostic instrument are 2.93,
2.67 and 2.47 (right side), which are significantly different.

variable was checked for normality, and the scatter plots of each pair of variables were
also examined. A model with an interaction included was first run. The results indicated
no evidence of significance for the interaction effect (F (2, n = 544) = .74, p = .48), which
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means the assumption of no interaction effect is tenable. Figure A.1 shows a graphical
display of the ANCOVA analysis.
Identified Incorrect Ideas
At the question level, Tables A.9 and A.10 show that students tend to perform
better on the content part of an item (first tier) than on the reasoning part (second tier),
and that getting both parts of an item correct is difficult. These results are consistent with
those reported by Othman, et al. (2008). Students may know the correct answer for the
content question being asked but have not understood why it is so, which indicates a lack
of understanding of the concept. Two notable exceptions to this pattern where the content
Table A.9: Percentages of students answering the first tier, second tier, and both tiers correctly in the diagnostic test,
Items 1-5, with the topics addressed by each item (N = 679)

Item number

tier

tier

both

tier

tier

both

tier

tier

both

1

2

tiers

1

2

tiers

1

2

tiers

A: With PrepChem

B: Repeaters

C: First-timers

(n = 108)

(n = 223)

Topics

(n = 348)
1. What is in the bubbles that are
produced in the boiling water?

61.5

49.6

35.3

52.8

34.3

26.9

59.6

35.4

25.1

Phase changes

2. The total mass of the tube and
the solid iodine is 27g. The mass
after heating will be.

59.2

49.9

44.8

62.0

52.8

47.2

65.0

52.9

45.7

Phase changes;
conservation of
matter

3. What would the magnified
view show after all the water
have evaporated?

46.5

50.0

37.6

37.0

40.7

28.7

40.4

49.3

30.0

Phase changes;
conservation of
matter

4. Crystals of sugar are placed in
a beaker of water. If the mixture
is left to stand long without
stirring, the sugar crystal can no
longer be seen.

57.7

49.2

38.8

57.4

43.5

42.6

53.4

39.0

38.6

Dissolving

5. Which of the above properties
would be the same for a sample
of solid and one single atom of
sulphur obtained from the
sample.

15.5

40.1

13.8

24.1

33.3

24.1

28.3

29.1

22.9

Particle
attributes
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is less often correct than the reasoning are Items 3 and 5, but it is still the case that getting
both content and reasoning correct for these two items is less common than getting one or
the other correct.
Table A.10: Percentages of students answering the first tier, second tier, and both tiers correctly in the
diagnostic test, Items 6-10, with the topics addressed by each item (N = 679)

Item number

tier

tier

both

tier

tier

both

tier

tier

both

1

2

tiers

1

2

tiers

1

2

tiers

A: With PrepChem

B: Repeaters

C: First-timers

(n = 108)

(n = 223)

Topics

(n = 348)
6. There are molecules in
sodium chloride.

30.8

30.1

7.47

21.3

11.1

8.3

24.7

9.9

5.4

Ionic lattice

7. Carbon dioxide has
low melting and boiling
points.

64.4

28.9

6.61

63.9

10.2

8.3

59.6

7.6

3.6

Bonding: phase
changes

8. Calcium fluoride can
conduct electricity when
molten.

70.4

40.6

19.3

63.0

22.2

20.4

59.2

17.0

16.6

Bonding; ionic
lattice;
electrical
conductivity

9. Solid NaCl does not
conduct electricity.
However, when sodium
chloride is dissolved in
water, the resulting
solution is able to
conduct electricity.

77.3

49.9

37.6

77.8

47.2

38.9

80.7

47.1

36.8

Dissolving;
electrical
conductivity

10. H2O and H2S have
similar chemical
formulae and structures.
At room temp., water is a
liquid and hydrogen
sulphide is a gas. This
difference in state is due
to:

72.1

49.6

45.9

66.7

40.7

31.5

78.5

54.3

46.2

Inter-molecular
forces; phase
changes
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Appendix C: Chemistry Content Questionnaire
This questionnaire contains 20 questions on basic chemistry knowledge. Please answer
the questions based on your current understanding of chemistry.
Make sure that the scantron is filled out correctly in pencil and includes your full name,
section number, and USF-ID.
Some questions are more challenging than others, but bubble in the circle on the scantron
corresponding to the answer that you think fits best with your current understanding of
chemistry.
Your answers to these chemistry content questions will be made available to your course
instructor as a guide to your incoming knowledge of these topics.

123

Appendix C (Continued)
1. Assume a beaker of pure water has been boiling for 30 minutes. What
is/are in the bubbles that are produced in the boiling water?
A.
B.
C.
D.
E.

Air
Oxygen gas and hydrogen gas
Oxygen
Water vapor (water in the gaseous state)
Heat

2. The reason for my answer to question 1 is:
A. The hydrogen and oxygen atoms in water molecules break away from
each other to form gases.
B. When the water is heated, the air between the water molecules is released
in the form of bubbles.
C. Heat energy is absorbed by the water and released as bubbles.
D. The energy absorbed enables the molecules to break free of the attractions
between each other.
E. Oxygen dissolved in water is released as air bubbles.
3. A 1.0g sample of solid iodine is placed in a tube and the tube is sealed after all of
the air is removed. The total mass of the tube and the solid iodine is 27.0g.

The tube is then heated until all of the iodine evaporates and fills the tube with
iodine gas. The mass after heating will be:
A. less than 27.0g
B. 27.0g
C. more than 27.0g
4. The reason for my answer to question 3 is:
A.
B.
C.
D.

Iodine gas weighs less than solid iodine.
Iodine molecules expand on heating.
The iodine particles become more widely spaced.
Iodine gas is lighter than air.
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5. The circle on the left shows a magnified view of a very small portion of liquid
water in a sealed container.

6. The reason for my answer to question 5 is:
A. Water molecules have decomposed into oxygen atoms and hydrogen
atoms.
B. Water molecules have escaped into the air.
C. Water molecules have decomposed into oxygen and hydrogen gas.
D. Water molecules have broken free of the attractions between each other
and spread further apart.
E. A mixture of water molecules, oxygen atoms and hydrogen atoms is
produced.
7. Crystals of sugar are placed in a beaker of water. If the mixture is left to stand
long enough without stirring, the sugar crystals eventually can no longer be seen,
and the water will taste sweet.
A. True

B. False
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8. The reason for my answer to question 7 is:
A. The sugar molecules gain heat energy from the surroundings and melt,
forming a liquid. This liquid then mixes with the water.
B. The sugar fills the air spaces in the water and ‘disappears’.
C. Water molecules surround sugar molecules on the surfaces of the crystals and
pull them away into the solution.
D. The sugar crystals will only dissolve when stirred. Stirring breaks up the
crystals into smaller particles that spread throughout the water and so can no
longer be seen.
9. A sample of solid sulfur has the following properties:
I. Brittle
II. Melting point 113°C.
Which, if any, of the above properties would be the same for one single atom of
sulfur obtained from the sample?
A.
B.
C.
D.

I and II
I only
II only
None of the properties

10. The reason for my answer to question 9 is:
A. A sulfur atom is the smallest particle that has the same properties as the
element sulfur.
B. A sulfur atom has smooth faces and sharp edges and so breaks easily when a
force is applied.
C. Sulfur is a non-metal therefore the sulfur atom melts at a relatively low
temperature.
D. The properties of sulfur are not the same as the properties of its individual
atoms.
11. There are molecules in sodium chloride (NaCl).
A. True

B. False
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12. The reason for my answer to question 11 is:
A. The sodium atom shares a pair of electrons with the chlorine atom to form a
simple molecule.
B. After donating its valence electron to the chlorine atom, the sodium ion forms
a molecule with the chloride ion.
C. In a crystal of sodium chloride, the sodium ions and chloride ions are arranged
in a 3-dimensional regular pattern.
D. In a crystal of sodium chloride, the sodium chloride molecules are arranged in
a 3-dimensional regular pattern.
13. Carbon dioxide has low melting and boiling points.
A. True

B. False

14. The reason for my answer to question 13 is:
A. During melting/boiling, the weak forces between the atoms in the carbon
dioxide molecule are easily broken.
B. Carbon dioxide is made up of covalent molecules in which the covalent bond
is weak.
C. Carbon dioxide consists of small, individual molecules with weak forces of
attraction between the molecules.
D. Carbon dioxide is a gas at room temperature.
15. Calcium fluoride can conduct electricity when molten.
A. True

B. False

16. The reason for my answer to question 15 is:
A. In the molten state calcium and fluorine atoms become free moving ions that
are able to conduct electricity.
B. When calcium fluoride is melted, the ions break away from their fixed
positions and move around freely.
C. Calcium fluoride is an ionic compound; therefore it has free electrons that
enable it to conduct electricity.
D. Calcium fluoride consists of covalent molecules; therefore it cannot conduct
electricity.
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17. Solid sodium chloride does not conduct electricity. However, when sodium
chloride is dissolved in water, the resulting solution is able to conduct electricity.
A. True

B. False

18. The reason for my answer to question 17 is:
A. When water is added, sodium chloride melts. Molten sodium chloride can
conduct electricity as it has free ions.
B. Water enables the sodium and chloride ions to break away from their fixed
positions in the crystal, and move freely in solution.
C. Sodium chloride produces free electrons when dissolved in water but not
when solid.
D. Sodium chloride has free electrons. It can therefore conduct electricity both
when solid and when dissolved in water.
19. Water (H2O) and hydrogen sulfide (H2S) have similar chemical formula and
structures. At room temperature, water is a liquid and hydrogen sulfide is a gas.
This difference in states is due to:
A. forces between molecules
B. forces within molecules
20. The reason for my answer to question 19 is:
A. The oxygen-hydrogen covalent bond is stronger than the sulfur-hydrogen
covalent bond.
B. The bonds in hydrogen sulfide are easily broken whereas those in water are
not.
C. The hydrogen sulfide molecules are closer to each other, resulting in stronger
attractions between the molecules.
D. The forces of attraction between water molecules are stronger than those
between hydrogen sulfide molecules.
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Appendix D: Targeted Misconception Inventory (TMI)
This questionnaire contains 18 questions on basic chemistry knowledge. Please answer
the questions based on your current understanding of chemistry.
Make sure that the scantron is filled out correctly in pencil and includes your full name,
section number, and USF-ID.
Some questions are more challenging than others, but bubble in the circle on the scantron
corresponding to the answer that you think fits best with your current understanding of
chemistry.
Your answers to these chemistry content questions will be made available to your course
instructor as a guide to your incoming knowledge of these topics.
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1. Assume a beaker of pure water has been boiling for 30 minutes. What is/are in the
bubbles that are produced in the boiling water? (Mulford & Robinson, 2002)
A. Air
B. Oxygen gas and hydrogen gas
C. Oxygen
D. Water vapor (water in the gaseous state)
2. The reason for my answer to question 1 is:
A. The hydrogen and oxygen atoms in water molecules break away from each other
to form gases.
B. When the water is heated, the air between the water molecules is released in the
form of bubbles.
C. The energy absorbed enables the molecules to break free of the attractions
between each other.
D. Water is turning into air.
3. Heat is given off when hydrogen burns in air according to the chemical equation:
2H2 + O2 → 2H2O
On the reactants (left) side, what happens when breaking the bonds in H2 and O2?
A. Breaking the bonds in H2 and O2 gives off energy.
B. Breaking the bonds in H2 and O2 absorbs energy.
C. Breaking the bonds in H2 and O2 both absorbs and releases energy.
4. The reason for my answer in question 3 is:
A. When a chemical bond breaks, energy is absorbed.
B. Bond strength determines whether energy is released or absorbed when a
chemical bond is formed.
C. Bond formation sometimes requires energy and sometimes releases energy.
D. Bond formation requires energy.
5. Sodium chloride, NaCl, typically exists as a molecule (Tan & Treagust, 1999)
A.
True
B.
False
6. The reason for my answer to question 35 is:
A. The sodium atom shares a pair of electrons with the chlorine atom to form a
simple molecule.
B. After donating its valence electron to the chlorine atom, the sodium ion forms a
molecule with the chloride ion.
C. Sodium chloride exists as a lattice consisting of sodium ions and chloride ions.
D. Sodium chloride exists as a lattice consisting of covalently bonded sodium and
chlorine atoms.
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7. Heat is absorbed when sulfur trioxide decomposes into sulfur dioxide and oxygen in
the gas phase reaction given below. (Modified from Mulford & Robinson, 2002)
2SO3 →

2SO2 +

O2

On the products (right) side what happens when forming the bonds in SO2 and O2?
A. Forming the bonds in SO2 and O2 releases energy.
B. Forming the bonds in SO2 and O2 absorbs energy.
C. Forming the bonds in SO2 and O2 both absorbs and releases energy.
8. The reason for my answer to question 7 is:
A. When a chemical bond forms, energy is released.
B. When a chemical bond forms, energy is absorbed.
C. Whether energy is released or absorbed depends on the strength of the chemical
bond formed.
D. Forming a chemical bond can sometimes require energy and sometimes release
energy.
9. The circle on the left shows a magnified view of a very small portion of liquid water in
a sealed container. (Mulford & Robinson, 2002)
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10. The reason for my answer to question 9 is:
A. The air between the water molecules has expanded.
B. Water molecules have turned into air.
C. Water molecules have decomposed into oxygen and hydrogen gas.
D. Water molecules have broken free of the attractions between each other and
spread further apart.
11. Element C (electronic configuration 2, 8, 18, 8, 2) and element E (electronic
configuration 2, 7) react to form an ionic compound, CE2. (Tan & Treagust, 1999)
A.
True
B.
False
12. The reason for my answer to question 11 is:
A. An atom of C will share one pair of electrons with each atom of E to form a
covalent molecule CE2.
B. A macromolecule consists of covalently bonded atoms of C and E.
C. Atoms of C will each lose two electrons and twice as many atoms of E will each
gain one electron to form an ionic compound CE2.
D. An atom of C will transfer one electron to an atom of E to form an ionic
compound CE.
E. An atom of C will transfer two electrons to two atoms of E to form an ionic
compound CE2.
13. A glass of cold milk sometimes forms a coat (often referred to as ‘sweat’) on the
outside of the glass. What is this coat? (Mulford & Robinson, 2002)
A. Air
B. Water from the milk
C. Water from the air
D. Oxygen
14. The reason for my answer to question 13 is:
A. Air between the water molecules in the milk leaves the milk and condenses on the
outside of the glass.
B. Water disappears from the milk; then reappears on the outside of the glass.
C. Attractions between the water molecules in the air cause them to condense on the
cold surface.
D. The coldness causes oxygen and hydrogen from the air to combine on the glass,
forming water.
15. An atom of element A has two electrons in its outermost shell while an atom of
element B has five electrons in its outermost shell. When A reacts with B, the
compound will be: (Tan & Treagust, 1999)
A. Covalent
B. Ionic
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16. The reason for my answer to question 15 is:
Note: Overlapping circles designate a covalent bond.
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17. The hydrolysis of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) is
the energy source that provides energy for many biological processes. The
conversion of ATP to ADP involves the breaking of a P-O bond in ATP (not shown).
A simplistic version of the overall reaction is shown below (new item).
ATP + H2O → ADP + Pi (inorganic phosphate) + energy
Is the following statement about the process true or false? Breaking the strong P-O bond
in ATP releases energy that can be used for biological processes.
A. True
B. False
18. The reason for my answer to question 47 is
A. Breaking a chemical bond releases energy.
B. The strength of the P-O bond in ATP results in a large amount of energy being
released.
C. Breaking a chemical bond requires energy.
D. Formation of bonds in both ADP and in Pi sometimes requires energy and
sometimes releases energy.
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Missing Data
A total of 830 students were enrolled in the general chemistry course. Only 710
took TMI from which 28 students had missing data. A total of 682 were used for analysis.
The missing data represents the 14% and 4% respectively for a total of 18% of missing
data.
Participants
This study took place in a large public research university in the southeastern
United States. The sample for this study included all students enrolled in a general
chemistry course. As shown in Table A.11, a little over half of the students are female.
There is also a sizeable number (~35%) of underrepresented minority students. This
diverse sample is typical of the student population taking general chemistry at this
institution.
As shown in Table A.12, the SAT verbal and SAT math averages are 531.53 and
546.45 respectively. A total of 153 students (22%) did not have SAT scores. Although
students are unevenly distributed, about half (51.2%) are in their sophomore year. This is
followed by a 21.4% in their junior year.

135

Appendix E (Continued)
Table A.11. Demographics: Number of students by sex and race/ethnicity
(N=682)
Sample Size for Spring 2011
Female

380 (55.7%)

Male

281 (41.2%)

White (Not of Hispanic Origin)

334 (49%)

Hispanic

153 (22%)

Black (Not of Hispanic Origin)

83 (12%)

Asian or Pacific Islander

62 (9%)

Ethnicity Specified as Non-Resident

19 (3%)

American Indian or Native Alaskan

5 (1%)

Ethnicity Unspecified

5 (1%)

Table A.12. Demographics: Academic Background (N=682)
Initial Sample
No.
Mean Standard Deviation
Spring 2009
of Students
SAT Verbal

529

531

69.1

SAT Math

529

546

68.9

Years in College

682

2.37

.951

Descriptive Statistics
The mean score for all 18 questions and 12 items is presented on Table A.13 and A.14
respectively. The overall mean for the 18 questions is 7.27 with a standard deviation of
2.73, and for the 12 items the mean is 3.10 with a standard deviation of 1.55. The
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Cronbach’s alpha and concept mean, which includes three items per concept, and the
item mean (the first and the second tier question) are shown on Table A.15.
Table A.13. Mean score for all 18 questions and standard deviations
Item
N=682
Mean
Std.
1
0.58
0.49
2
0.44
0.50
3
0.31
0.46
4
0.21
0.40
5
0.30
0.46
6
0.21
0.41
7
0.41
0.49
8
0.28
0.45
9
0.38
0.49
10
0.48
0.50
11
0.61
0.49
12
0.24
0.42
13
0.82
0.38
14
0.66
0.48
15
0.56
0.50
16
0.35
0.48
17
0.19
0.39
18
0.24
0.43
Overall mean: 7.27 (2.73)
Table A.14. Mean scores for two-tier items and standard deviations
N=682
Item
1
2
3
4
5
6
7
8
9

Mean
0.44
0.21
0.21
0.28
0.48
0.24
0.66
0.35
0.24

Std
Skewness
0.50
.231
0.40
1.46
0.41
1.45
0.45
.990
0.50
.065
0.43
1.25
0.48
-.669
0.48
.642
0.43
1.23
Overall mean: 3.10 (1.55)
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Kurtosis
-1.95
.140
.107
-1.02
-2.00
-.449
-1.56
-1.59
-.497
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Table A.15. Concept and item mean & Cronbach’s alpha (N=682)
Concepts
Concept & Item
Cronbach’s alpha
Meana (SD)
3 questions per concept
Bond Energy
Mean= .730
(α=.482)
Item 2
0.21 (.40)
Item 4
0.28 (.45)
Item 9
0.24 (.43)
Ionic Bonding
Mean =.800
(α=.187)
Item 3
0.21 (.41)
Item 6
0.24 (.43)
Item 8
0.35 (.48)
Phase Changes
Mean =1.59
(α=.430)
Item 1
0.44 (.50)
Item 5
0.48 (.50)
Item 7
0.66 (.48)
Overall: 9 items (α= .265) & Overall: 18 questions (α= .520)
a
Concept mean was calculated based on the reasoning (2nd tier)
Confirmatory Factor Analysis (CFA)
CFA provides parameter estimates and factor loadings as well as information
about the misfit of the items, which supply information about item measurement errors.
There are general rules to estimate whether the proposed model can be considered a good
fit to the data. For example, non-significant χ2 test result (p > 0.05) suggests a good
model fit. However, models produced from a large number of scores are likely to have an
inflated χ2 value, and additional fit statistics need to be examined. A comparative fit
index (CFI) of 0.95 or higher is often used. The obtained CFI value estimates how much
better the proposed model is than the one in which items are not related. CFA results are
shown in Table A.16, and suggests that the model fit is good for the 3-factor solution.
However loadings for the scale Ionic Bonding are non-significant.
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Table A.16. CFA factor loadings for the three-factor solution & Cronbach’s alpha
(N=682)
Concept
Item #
Loadinga
Bond Energy
(α =.70)
Item 2
.971
Item 4
.630
Item 9
.368
Ionic Bonding
(α =.37)
Item 3
.830
Item 6
.128a
Item 8
.151a
Phase Changes
(α =.60)
Item 1
.726
Item 5
.705
Item 7
.290
a
Not significant
As shown on Table A.17 factor correlations are small suggesting that factors are not
redundant.
Table A.17. Factor correlations (N=682)
Bond Energy
Phase Changes
-.191
Ionic Bond
.031

Ionic Bond
.269

Student responses to the TMI instrument
Below are the correct and incorrect ideas per concept. Underlined incorrect idea was
found to be the most common in our sample. In this study a common incorrect idea
means that students consistently selected the same incorrect idea in all three questions as
their reasoning for the answer. Also included below are the declarative statements or
correct idea for each of the concepts.
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Concept of bond energy. The declarative statement or correct idea measured in
this topic is: When a chemical bond forms, energy is released (6.3%).
incorrect ideas. (1) Bond formation requires energy (9.8%), (2) Bond formation
sometimes requires energy and sometimes releases energy (1.5%), (3) The strength of the
bond determines whether energy is released or absorbed when bonds are formed (1.6%).
Concept of ionic bonding. The declarative statement or correct idea measured in
this topic is: Ionic bonds involve attractions between oppositely charged ions (lattice);
covalent bonds involve sharing of electrons between two atoms (molecular compounds)
(2.9%).
incorrect ideas. (1) An ionic bond involves the sharing of electrons between two
atoms (0.70%), (2) A lattice consists of covalently bonded atoms (0.30%), (3) An ionic
compound involves direct transfer of one or more electrons from one atom to another
(3.8%).
Concept of phase changes. The declarative statement or correct idea measured in
this topic is: When heated water molecules break free of the attractions between them and
spread apart (24%).
§

Opposite statement: Water molecules come together and condense when cooled.
incorrect ideas. (1) Adding heat would break up water molecules into hydrogen

and oxygen gases and removing heat from hydrogen and oxygen gases would cause them
to combine and form water molecules (5.1%), (2) There is air between water molecules:
it is released upon heating (0%). (3) Phase change means disappearing or turning into air
(0.15%).
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Sample Items
TMI questions. (1) An atom of element A has two electrons in its outermost shell
while an atom of element B has five electrons in its outermost shell. When A reacts with
B, the compound will be
a) Covalent
b) Ionic
Note: Overlapping circles designate a covalent bond.
The reason for my answer is:
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Classroom intervention. Below are the clicker questions for the three measured
concepts.
bond energy. (1) Which statement is always correct about the energy changes that
occur during bond formation?
a) Depending on the relative electronegativities of the atoms making the bond,
energy may be released or absorbed during bond formation.
b) During bond formation, energy needs to be added.
c) Bond formation releases energy to the surroundings. (Correct)
d) The strength of the bond determines whether energy is absorbed or released
during bond formation.
ionic bonding. (1) Which statement is correct about the existence of water
molecules (H2O)?
a) The oxygen atom shares a pair of electrons with each hydrogen atom. (Correct)
b) Each hydrogen atom will lose an electron while oxygen atom gains two
electrons.
c) Water exists as a lattice consisting of hydrogen and oxygen ions.
d) Water molecules are formed when hydrogen atoms transfer electrons to oxygen
atoms.
(2) Element C and element E react to form ionic compound, CE2. Which of the following
statements is correct?
a) An atom of C will share one pair of electrons with each atom of E to form a
covalent molecule CE2.
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b) A macromolecule consists of covalently bonded atoms of C and E.
c) Atoms of C will each lose two electrons and twice as many atoms of E will
each gain one electron to form an ionic compound CE2. (Correct)
d) An atom of C will transfer two electrons to two atoms of E to form an ionic
compound CE2.
phase changes. (1) The bubbles in boiling water consist of:
a) Oxygen and hydrogen gases formed when water molecules break away from
each other.
b) The air between the water molecules
c) Water releasing into the air.
d) Molecules breaking free of attraction between each other after energy is
absorbed. (Correct)
Exam questions.
(1) What happens when an ice cube melts?
a) Ice molecules have turned into water molecules.
b) The air trapped between the water molecules expanded after melting
occurs.
c) Water molecules have broken free of the attractions between each other
and spread further apart. (Correct)
d) Water molecules in the ice decomposed into oxygen and hydrogen
molecules.
e) All of the above are true statements.
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(2) Forming bonds
a) is always endothermic.
b) always takes energy.
c) releases energy and is exothermic.
d) sometimes releases energy sometimes takes energy.
e) is an unpredictable process.
Small Intervention: Clicker Questions
After the pre-instruction questions were given to the students, the instructors
started to teach the chosen concepts. Instructor I chose to give in-class questions for Bond
Energy and Ionic Bonding concepts, while Instructor II chose Phase Changes and Ionic
Bonding. Each concept was discussed for at least two to three class sections. Following
instruction, students were asked to answer similar questions regarding each of the
concepts. Once the responses for the post-instruction questions are collected, the correct
answer was shown, and student responses were discussed.
Instructor I. When discussing the results obtained from the small intervention,
Instructor I said: “Making students aware that they have incorrect ideas is very important.
To me having students asking questions make spending 10 extra minutes discussing the
concept worthwhile. Yes, I was probably a little behind compared to the other instructors
but to me it is very important that students understand the material.... you cannot teach
everything but at least you can make them aware.” Instructor I also mentioned that a new
technology is being used to download data collected via clickers, which will make
sharing the data a much easier task. This reflects her commitment to the students, and the
intention to keep doing what is necessary to promote student learning
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student demographics. Although student classification is unevenly distributed,
overall students in these smaller groups are in their second year. There are 64% of
sophomores and 23% of juniors responding Bond Energy questions, and 58% of
sophomores and 24% of juniors responding Ionic Bonding questions. This distribution is
similar to the 51% of sophomores and 21% of juniors reported for the large sample.
Table A.18: Demographics for students enrolled in Instructor I’s sectiona
Concept
No. of
Mean
SD
Students
Bond Energy (n=70)
SAT Verbal
59
520
52.4
SAT Math

59

539

67.4

Years in College
Ionic Bonding (n=105)

70

2.40

.710

SAT Verbal

81

523

55.8

SAT Math

81

545

68.1

Years in College

105

2.44

.729

a

Not all students have SAT scores. SATV for the 682 students is 531 and for the SATM is 546. For Bond
Energy: 64% sophomores and 23% juniors. For Ionic Bonding: 58% sophomores and 24% juniors.

145

Appendix E (Continued)
Table A.19. Instructor I: Number of students by sex and race/ethnicitya
Bond Energy
n= 70

Ionic
Bonding
n=105

a

Female

47 (67%)

65 (62%)

Male

23 (33%)

35 (33%)

White (Not of Hispanic Origin)

32 (46%)

53 (51%)

Hispanic

18 (26%)

26 (25%)

Asian or Pacific Islander

9 (13%)

10 (10%)

Black (Not of Hispanic Origin)

8 (11%)

8 (8%)

Ethnicity Specified as NonResident
American Indian or Native Alaskan

2 (3%)

2 (2%)

1 (1%)

1 (1%)

Ethnicity Unspecified

0 (0%)

5 (5%)

Information for students with complete sets of data. For Ionic Bonding: 5 students did not report their sex.

Instructor II. In a separate dialogue, Instructor II expressed that in-class
questions were a “reality check” for students. This instructor stated that “before any
questions are asked students think that they know everything. The in-class questions
allowed them to identify what is a scientifically accepted response,” and explained that
“these types of questions provided students with an insight about the kind of material
they needed to study for an exam. Students think that solving problems is important but
they change their mind once they are confronted with conceptual questions. Once
conceptual problems are given, students realized that what they have studied is not
necessarily enough to successfully pass an exam. Instructor II also added that in-class
questions are not only vey useful for the students but also for the instructors.
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Instructor II. There are 63% of sophomores and 15% of juniors responding Phase
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Changes questions, and 65% of sophomores and 12% of juniors responding Ionic
Bonding questions. This distribution is consistent with the 51% of sophomores and 21%
of juniors reported for the large sample.
Table A.20: Demographics for students enrolled in Instructor II’s sectiona
Concept
No. of Students
Mean
SD
Phase Changes (n=80)
SAT Verbal
61
528
72.3
SAT Math
61
552
72.6
Years in College
80
2.13
.925
Ionic Bonding (n=65)
SAT Verbal
52
539
65.3
SAT Math
52
545
74.4
Years in College
65
2.26
.815
a

Not all students had SAT scores. SATV for the 682 students is 531 and for the SATM is 546.

Table A.21. Instructor II: Number of students by sex and race/ethnicitya
Phase Changes
n=80
42 (53%)

Ionic Bonding
n=65
32 (49%)

Male

38 (48%)

33 (51%)

White (Not of Hispanic Origin)

43 (54%)

38 (59%)

Hispanic

15 (19%)

8 (12%)

Asian or Pacific Islander

8 (9%)

7 (11%)

Ethnicity Specified as Non-Resident

7 (9%)

2 (3%)

Black (Not of Hispanic Origin)

6 (8%)

9 (14%)

American Indian or Native Alaskan

1 (1%)

0 (0%)

Ethnicity Unspecified

0 (0%)

1 (1%)

Female

a

Information for students with complete sets of data
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Missing Data
Missing data is comprised of students with partial information and/or no
responses for the in-class questions. Partial information means that students may have
information about the TMI and/or midterm exams but are missing the pre-instruction
and/or the post-instruction questions (intervention).
Instructor I missing data. A total of 189 students were enrolled in Instructor I’s
section. From this sample, 70 and 105 students have complete set of data for Bond
Energy and Ionic Bonding respectively. For the remaining students, demographics
including sex, race/ethnicity, SAT verbal, SAT math, and years in college are presented
in Tables A.22 and A. 23.
Demographics of students with missing data are similar to the students with
complete set of data. This indicates that the students who attended the course are not
different from those students who did not attend the course. The demographics of the
students with missing data are also representative of the larger sample.
Table A.22: Instructor I: Demographics for students with missing dataa
Concept
No. of Students
Mean
SD
Bond Energy (n=119)
SAT Verbal
85
540
76.1
SAT Math
85
552
67.5
Years in College
119
2.55
.941
Ionic Bonding (n=84)
SAT Verbal
59
542
81.4
SAT Math
59
547
66.9
Years in College
84
2.56
1.01
a

Not all students have SAT scores. SATV for the 682 students is 531 and for the SATM is 546.
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Table A.23. Instructor I: Number of students (with missing data) by sexa and
race/ethnicity
Bond Energy
Ionic Bonding
n=119
n=84
Female
58 (49%)
37 (44%)
Male

53 (44%)

38 (45%)

White (Not of Hispanic Origin)

65 (55%)

40 (48%)

Hispanic

28 (24%)

20 (24%)

Ethnicity Unspecified

11 (9%)

12 (14%)

Asian or Pacific Islander

9 (7%)

6 (7%)

Black (Not of Hispanic Origin)

5 (4%)

5 (6%)

American Indian or Native Alaskan

1 (1%)

1 (1%)

Ethnicity Specified as Non-Resident

0 (0%)

0 (0%)

a

A total of 8 (7%) for Bond Energy, and 9 (11%) for Ionic Bonding did not have information about their
sex

Instructor II missing data. A total of 364 students were enrolled in Instructor
II’s sections. From this sample 80 and 65 students have complete set of data for Phase
Changes and Ionic Bonding respectively. For the remaining students, demographics
including sex, race/ethnicity, SAT verbal, SAT math, and years in college are presented
in Tables A.24 and A. 25. Demographics of students with missing data are similar to the
students with complete set of data. Once again this indicates that in general, the students
who attended the course are not different from those students who did not attend the
course. The demographics of the students with missing data are also representative of the
larger sample.
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Appendix E (Continued)
Table A.24: Instructor II: Demographics for students with missing data
Concept
No. of Students
Mean
SD
Phase Changes (n=284)
SAT Verbal
225
536
68.2
SAT Math
225
549
72.6
Years in College
284
2.26
.989
Ionic Bonding (n=299)
SAT Verbal
234
551
72.2
SAT Math
234
533
69.9
Years in College
299
2.24
1.02
Table A.25. Instructor II: Number of students (with missing data) by sex and
race/ethnicity
Phase Changes
Ionic Bonding
n=284
n=299
Female
135 (48%)
145 (49%)
Male

149 (52%)

154 (51%)

White (Not of Hispanic Origin)

131 (46%)

136 (46%)

Hispanic

71 (25%)

78 (26%)

Black (Not of Hispanic Origin)

41 (14%)

38 (13%)

Asian or Pacific Islander

28 (10%)

29 (10%)

Ethnicity Specified as Non-Resident

8 (3%)

13 (4%)

American Indian or Native Alaskan

3 (1%)

4 (1%)

Ethnicity Unspecified

2 (1%)

0 (0%)
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